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E.  INTRODUCTION 


!•  Backsrround 


Grants  to  support  training  of  predoctoral  students  are  usually  given  to  a 
particul^  training  progr^  in  an  established  scientific  discipline  or  a  subdiscipline, 
rather  than  for  training  in  a  specific  disease  entity  or  in  a  particular  model  system! 
Ih^,  traming  grants  are  relatively  common  in  pharmacology,  virology,  immunology 
epideimology,  psychology  or  biochemistry,  regardless  of  the  specific  problems  various 
mvesfiptors  fi:om  these  disciplines  are  addressing.  What  distinguishes  these 
mscipline-based  predoctoral  training  programs  fi-om  our  Training  Program  in 
Breast  Cancer  Biology  and  Therapy  is  om?  multidisciplinary  approach  and  the 
locus  on  a  spedfic  and  important  disease.  The  overaU  philosophy  of  this  training 
proposal  IS  to  identify  qualified  graduate  students  in  existing  basic  life  science 
epartments,  to  educate  them  in  the  problems  in  breast  cancer  and  to  enhance  their 
reseMch  capabilities  in  this  field.  Our  Training  Program  intends  to  expand  the 
existmg  pool  of  investigators  studying  breast  cancer.  Moreover,  the  program  is 
designed  to  encourage  currently  funded  investigators  to  focus  on  breast  cancer  as  an 
^ea  ol  study;  this  is  an  important  programmatic  by-product  because  it  fosters  ongoing 
mterdisaplinary  research  efibrts  by  an  array  of  weU-funded  investigators. 


Br^t  cancer  continues  to  be  a  leading  cause  of  death  of  women  in  the  United 
tates.  e  magnitude  of  this  disease  demands  novel  approaches  to  improve  our 
understanding  of  its  etiology  as  well  as  methods  of  detection,  prevention  and 
treatment.  Yet  each  year  major  medical  and  graduate  schools,  among  them  the 
Umversity  of  Pittsburgh,  contmue  to  successfully  graduate  hundreds  of  Ph.D.s 
impeccably  trained  in  basic  principles  of  endocrinology,  molecular  genetics,  psychology 
neurosaence,  biochemistry,  ceU  biology,  immunology,  pharmacology  and  epidemiology 
who  have  httle  appreciation  for  the  contemporary  problems  and  advances  related  to 
breast  cancer.  Most  of  these  students  have  been  narrowly  trained  in  the  details  of 
then:  chosen  basic  saence  discipline.  Very  few  of  these  recent  Ph.D.  graduates  pursue 
postdoctoral  trainmg  in  breast  cancer  and  fewer  yet  go  on  to  establish  successful 
res^h  laboratories  devoted  to  breast  cancer.  Part  of  the  problem  is  the  severe 
^ortoge  of  smtable  mentors  for  these  students,  who  could  guide  them  in  this  direction 
u  Pro^am  in  Breast  Cancer  Biology  and  Therapy  is  designed  to 

^ter  tl^  situation.  It  encourages  successful  and  enthusiastic  investigators  in  various 
disciplines  to  address  questions  related  to  breast  cancer  in  part  by  giving  them 
students,  who  can  be  educated  while  participating  in  the  project;  the  program 
emphasizes  the  multidisaplinary  approach  to  the  problem;  it  educates  a  significant 
number  of  young  investigators,  who  would  have  otherwise  worked  on  other  projects 
on  the  mport^ce  of  breast  cancer;  it  emphasizes  the  intrinsically  interesting 
biologic^  quesfions  raised  by  breast  cancer  and  the  potential  impact  and  social  benefit 
ot  working  on  breast  cancer. 
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BODY  OF  PROPOSAL 


F. 

1.  Technical  Objectives 

a)  Recruit  qualified  predoctoral  students  to  the  Training  Program  in 
Breast  Cancer  Biology  and  Therapy. 

b)  Educate  students  in  the  fundamental  principles  of  breast  cancer 
pathobiology  and  therapy. 

c)  Evaluate  the  progress  of  the  enrolled  students. 

d)  Evaluate  the  program  and  seek  additional  funds  and  resources. 

2.  Training  Environment 

The  University  of  Pittsburgh,  founded  in  1787,  is  one  of  the  oldest  institutions 
of  higher  education  in  the  United  States.  At  present  it  comprises  16  schools  having 
more  than  2,800  faculty  and  35,000  students.  Of  the  total  student  population,  9,940 
are  currently  enrolled  in  Ph.D.  degree  programs  and  1752  are  in  professional  schools 
of  Medicine,  Law  or  Dentistry.  There  are  currently  150  students  pursuing  Ph.D. 
degrees  at  the  University  of  Pittsburgh  SOM,  103  Ph.D.  graduate  students  in  the 
GSPH  and  17  in  the  Biopsychology  Program  of  the  Department  of  Psychology  in  FAS. 

The  Pittsburgh  Cancer  Institute  (PCI)  was  estabhshed  in  1984  to  strengthen 
and  expand  cancer  core  and  educational  resources  in  the  Western  Pennsylvania  region 
by  developing  new,  more  effective  approaches  to  the  prevention,  diagnosis  and 
treatment  of  cancer  and  by  enhancing  professional  and  lay  educational  programs.  This 
is  especially  important  because  the  Western  PA  region  has  the  oldest  population  of  any 
in  the  US;  this  extends  to  women.  Thus,  the  projected  incidence  of  tumors  in  the 
female  population  is  extremely  high.  In  less  than  10  years  the  PCI  has  become  the 
major  focal  point  for  research  and  education  not  only  in  Western  Pennsylvania  but  also 
Northern  West  Virginia  and  Eastern  Ohio;  it  is  now  ranked  6th  in  the  United  States 
among  recipients  for  NCI  funding  with  more  than  $29  miUipn  annually;  the  PCI  has 
dedicated  basic  and  chnical  research  facilities  totaling  over  250,000  square  feet  for 
laboratory  studies,  28,000  square  feet  for  out-patient  services  and  over  100  beds  for 
cancer  in-patients;  over  200  women  are  treated  annually  for  breast  cancer  at  the  PCI. 
The  PCI  has  been  responsible  for  recruiting  more  than  100  cancer  researchers  to  the 
Institution,  including  both  the  Training  Program  Director  and  the  Co-Director,  and  in 
1990  the  PCI  was  designated  by  the  NCI  as  a  National  Comprehensive  Cancer  Center. 
Thus,  there  is  a  cohort  of  young  and  very  enthusiastic  investigators  available  for  the 
educational  and  research  mission  of  the  PCI. 

The  PCI  is  a  Vanguard  Center  for  the  Women's  Health  Initiative.  In  addition, 
Carnegie  Mellon  University,  which  is  affihated  with  the  PCI  and  shares  educational 
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programs  with  the  University  of  Pittsburgh,  is  physically  contiguous  with  the 
University  of  Pittsburgh.  Carnegie  Mellon  has  7,259  student  of  which  1,164  are 
enrolled  in  Ph.D.  programs.  Thus,  within  a  very  small  geographical  area  there  is  large 
density  of  students  with  a  wide  variely  of  interests  and  talents.  This  resvilts  in  a  very 
d3maniic  and  exciting  academic  environment,  which  is  conducive  for  interdisciplinary 
programs.  Indeed  one  of  the  hallmarks  of  the  University  of  Pittsburgh's  campus  has 
been  the  successful  development  of  joint  educational  program  with  Carnegie  Mellon 
University,  such  as  the  current  NSF  Fluorescence  Center,  the  NSF/DoD 
Supercomputer  Center,  the  Biotechnology  Center  and  NIH  supported  M.D./Ph.D. 
program  (T32-GM08208‘05,  Joseph  M.  Furman,  PI,  10  positions).  As  one  of  the  top 
fifteen  recipients  of  NIH  grants,  the  University  of  Pittsburgh  Medical  Center  has 
placed  particular  emphasis  on  the  importance  of-axtemad  research  fimds  as  a  vehicle 
for  stimulating  high  caliber  research  experience  and  education.  Predoctoral  training 
programs  exist  in  all  of  the  5  basic  medical  science  departments.  The  Dean  of  the  SOM 
provides  22  (one  year)  predoctoral  fellowships  annually  to  these  departments.  Federal 
supported  predoctoral  fimds  are  also  available  from  the  NIH  Multi-Disciplinary 
Pulmonary  Research  Training  Grant  (2T32-HL07563-06;  Robert  M.  Rogers,  PI,  4 
predoctoral  positions),  the  NIH  Pre-  and  Postdoctoral  Training  in  Neuroscience  (T32- 
18273-06;  Michael  J.  Zigmond,  PI,  7  predoctoral  positions),  the  NIH  Predoctoral 
Training  Grant  in  Pharmacological  Sciences  (GM08424-02);  J.  S.  Lazo,  PI  3  positions) 
and  the  U.S.  Department  of  Education  Graduate  Assistance  in  Areas  of  National  Need 
Program  (P200A20421;  Christine  MUcarek,  PI,  8  positions).  Thus,  there  is  a  robust 
environment  for  interdisciplinary  graduate  education  in  and  around  the  SOM,  GSPH 
and  FAS  of  the  University  of  Pittsburgh. 

3.  Profifram  Director  and  Participating  Faculty 

The  Predoctoral  Training  Program  in  Breast  Cancer  Biology  and 
Therapy  was  formally  initiated  in  September  1994  with  the  awarding  of  the  US  Army 
Training  Grant  D AMD  1-94- J-4039.  The  Program  Director  is  John  S.  Lazo,  Chair  of 
the  Department  of  Pharmacology  and  Co-Director  of  the  PCI  Experimental 
Therapeutics  Program,  and  the  Co-Program  Director  is  Oljvera  J.  Finn,  Associate 
Professor  of  Molecular  Genetics  and  Biochemistry  and  Director  of  the  PCI  Immunology 
Program.  Dr.  Lazo  has  had  more  than  20  years  of  research  experience  in  cancer 
biology  and  experimental  therapeutics.  Much  of  his  early  work  has  been  directed  at 
mechanism  of  drug  action  and  drug  resistance.  Most  of  this  research  has  been  tumor 
t3^e-independent  in  focus.  He  has  been  a  member  of  the  Board  of  Directors  of  the 
American  Association  of  Cancer  Research  and  Chair  of  the  1992  Gordon  Research 
Conference  on  Chemotherapy  of  Experimental  and  Clinical  Cancer.  He  is  collaborating 
with  Dr.  Olivera  Finn  to  couple  antimucin  antibodies  to  DNA  cleaving  agents  and  is 
examining  the  role  of  protein  kinase  C  signalling  systems  in  breast  cancer  cells.  Dr. 
Lazo  has  been  a  Ph.D.  thesis  advisor  or  Committee  Member  for  16  Ph.D.  candidates 
and  has  trained  21  postdoctoral  fellows;  he  currently  is  thesis  advisor  for  1  Ph.D. 
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candidate,  who  is  working  on  issues  related  to  breast  cancer  but  not  funded  by  this 
Training  Grant.  Two  of  his  previous  postdoctoral  fellows  are  now  investigating  new 
anticancer  agents  as  dinical  pharmacologists  at  a  major  pharmaceutical  firm  (Bristol 
Myers  Beecham)  and  1  is  designing  new  diagnostic  agents  at  a  biotechnology  company. 
Since  1976  Dr.  Lazo  has  been  intimately  involved  in  both  graduate  and  medical 
education  and  since  1979  he  has  taught  a  graduate  level  course  almost  every  year.  His 
basic  medical  science  preparatory  book  for  second  year  medical  students  published  by 
WOhams  and  Wilkins  (Review  of  USMLE  Step  One)  is  among  the  most  popular  books 
of  its  kind  (almost  50,000  copies  published)  and  is  about  to  enter  its  fourth  edition. 
Writing  and  reviewing  this  book  has  given  the  Program  Director  a  broad  background 
in  both  basic  and  clinical  issues  related  to  malignancies  including  those  associated 
with  the  breast.  He  is  also  PI  of  an  NIH  Predoctoral  Training  Grant  in 
Pharmacological  Sciences.  Tbs  Go-Director,  Dr.  Ohvera  Finn,  has  beenr  investigating 
breast  cancer  biology  and  immunology  since  1985.  She  has  trained  7  Ph.D.  students 
and  7  postdoctoral  fdlows.  Three  of  her  Ph.D.  students  and  2  postdoctoral  fellows  have 
continued  their  research  in  breast  cancer  immunology  in  their  new  positions  as 
postdoctoral  fellows  or  assistant  professors.  She  has  also  been  a  thesis  committee 
member  for  22  Ph.D.  candidates.  There  are  currently  3  graduate  students  in  her 
laboratory,  2  of  whom  are  doing  research  in  breast  cancer.  In  addition  there  are  3 
postdoctoral  fellows  in  her  laboratory  investigating  the  biology  and  immunology  of 
breast  cancer.  In  February  1993  Dr.  B^n  was  invited  to  testify  before  the  President's 
Cancer  Panel,  the  Special  Commission  on  Breast  Cancer,  on  the  tiiture  direction  of 
breast  cancer  and  breast  cancer  vaccines. 

The  participating  faculty  members  have  been  drawn  from  the  over  175  members 
of  the  Graduate  School  at  the  University  of  Pittsburgh,  who  are  eligible  to  train 
students  enrolled  in  a  Ph.D.  degree  granting  program.  We  have  selected  these  32 
faculty  members  by  carefully  evaluating  them  for  excellence  in  the  following 
categories:  extramural  research  support;  previous  educational  experience;  research 
interest  in  cancer,  particularly  breast  cancer;  diversity  of  research  interest  and, 
suitability  as  a  mentor.  We  have  made  a  special  effort  to  include  a  significant  number 
of  clinically  trained  investigators  (30%  of  the  total  faculty  have  an  M.D.  degree)  to 
ensure  the  appropriate  exposure  of  students  to  clinically  relevant  issues  associated 
with  breast  cancer.  Participation  in  this  training  grant  is  not  viewed  as  exclusionary 
and  new  members  will  be  considered  by  the  Training  Program  Executive  Committee 
throughout  the  training  program  funding  period.  Listed  below  (Table  1)  are  the 
members  of  the  faculty,  their  departmental  affiliation  and  a  brief  description  of  their 
research  interest  as  related  to  breast  cancer  to  Olustrate  the  diversity  of  the  faculty 
members  and  their  interactions. 
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4.  Program 


The  study  of  breast  cancer  biology  is  a  complex  area  of  investigation  and  ftirther 
understanding  of  this  problem  as  well  as  possible  solutions  will  emerge  only  through 
a  influx  of  new  investigators  and  a  combined  effort  of  investigators  &om  many 
different  disciplines  of  modem  biology  and  science.  The  overall  objective  of  our 
Training  Program  in  Breast  Cancer  Biology  and  Therapy  at  the  Universily  of 
Pittsburgh  is  to  exploit  the  well  recognized  expertise  of  selected  faculty  in  the  areas  of 
Endocrinology,  Pharmacology,  Psychology,  Behavioral  Medicine,  Molecular  Genetics, 
Immunology,  CeU  Biology  and  Epidemiology  and  their  specific  interests  in  breast 
cancer.  Recruitment  of  these  investigators  from  their  parent  departments  into  this 
training  program  is  designedkta-^support  their  interests  in  breast  cancer-and  to  provide 
them  with  an  opportunity  to  recruit  and  to  train  yoimg  investigators  in  the  basic 
principles  of  their  discipline  using  breast  cancer  as  a  spedflc  model  system. 

4,1  Predoctoral  Training  Pool 

There  are  nine  (9)  Ph.D.  granting  programs  at  the  University  of  Pittsburgh, 
School  of  Medicine:  Bioengineering  (Joint  Program  between  the  Schools  of  Engineering 
and  Medicine),  Biochemistry  (Granted  by  the  Department  of  Molecular  Genetics  and 
Biochemistry),  Microbiology  (Granted  by  the  Department  of  Molecular  Genetics  and 
Biochemistry),  Pharmacology,  Pathology,  Cell  Biology  and  Physiology,  and 
Neurobiology,  Faculty  of  the  Training  Program  in  Breast  Cancer  Biology  and 
Therapy  are  members  of  5  of  these  programs.  Additioned  faculty  are  from  1  Ph.D. 
granting  program  in  GSPH,  Environmental  and  Occupational  Health,  and  1  Ph.D. 
granting  program  from  the  FAS,  Biopsychology.  Admission  to  the  training  grant 
program  requires  a  bachelor's  degree  with  a  major  in  chemistry,  biology,  physics, 
psychology,  microbiology,  biology  or  molecular  biology  from  an  accredited  college  or 
University,  with  a  minimum  grade  point  average  (GPA)  of  3.0.  In  addition,  general 
and  advanced  subjects  of  tests  of  the  Graduate  Examination  Record  (GRE)  must  be 
taken. 


4.2  Program  Administrative  Structure 

The  administrative  structure  of  the  Training  Program  uses  the  resources  of 
existing  programs  and  is  co-chaired  by  John  S.  Lazo  and  Olivera  J.  Finn.  The  routine 
duties  such  as  corresponding  with  potential  applicants,  monitoring  student  progress, 
ensuring  appropriate  student  records,  monitoring  student  progress,  dissemination  of 
mformation  to  facility  and  student  is  performed  by  Bonnie  Schiavone,  Administrator 
of  the  Graduate  Program,  Department  of  Pharmacology,  Seminar  announcements  and 
journal  dub  schedules  has  been  by  Ms.  Schiavone.  Ms.  Schiavone  meets  on  a  regular 
basis  with  the  Training  Program  Executive  Committee  to  evaluate  student  progress 
and  program  needs. 


10 


4.3  Student  Recruitment  and  Admission 

The  recruitment  process  began  in  the  Spring  of  1994  with  an  effort  to  identify 
highly  qualified  students,  who  had  not  yet  chosen  their  research  topic  or  advisor  (2nd 
year  students)  or  who  have  recently  identified  a  breast  cancer  related  research  project 
(3rd  year  student).  All  faculty  participating  in  this  training  program  received  a  letter 
informing  them  of  the  program  and  annoxmcements  were  posted  throughout  the 
University.  Particular  effort  will  be  made  to  identify  and  encourage  women  and 
individuals  from  imder  represented  ethnic  groups  to  apply  for  these  fellowship  monies. 

Applications  for  admission  into  the  Training  Program  in  Breast  Cancer 
Biology  and  Therapy  were  evaluated  on  June  27,  1994  by  the  Breast  Cancer 
Training  Grant  Executive  Committee;  This  committee  comprise  the  Director  and  the 
Co-Director  of  the  program,  Drs.  Lazo  and  Fmn,  and  five  other  faculty  members 
selected  for  their  research  interests  and  diversities.  These  are:  Drs.  KuUer,  Caggiula, 
Siegfiied,  McCarty  and  Whiteside.  We  received  12  completed  applications  and  each 
application  was  discussed  in  great  detail  (Table  2).  Several  faculty  members  had 
interviewed  the  candidates  and  provided  information  about  the  applicant,  in  some 
cases  acting  as  a  formal  advocate  for  the  apphcant.  Each  faculty  member  had  one  vote 
and  admission  was  determined  based  upon  total  votes  awsirded  each  applicant, 
i^plicants  were  judged  based  on  their  imdergraduate  record,  results  of  GRE  scores, 
performance  in  first  and/or  second  year  of  graduate  school,  faculty  comments,  and  a 
brief  written  statement  of  their  research  interest  as  related  to  breast  cancer.  A  effort 
was  made  to  ensure  equitable  distribution  of  fellowships  among  the  represented 
disciplines  and  areas  of  research.  The  six  finalists  are  listed  below  (Table  3).  All 
awardees  were  notified  within  two  weeks  and  no  student  declined  the  award.  The 
Executive  Committee  decided  the  make  a  commitment  of  two  years  for  each  student 
pending  successful  completion  of  the  first  year  because  this  would  allow  the  student 
security  of  funding  and  a  more  meaningful  graduate  e3q)erience. 

4.4  Course  of  Study 

A  minimum  of  32  credits  of  formal  course  work  and  40  credits  of  dissertation 
research  are  required  to  earn  a  Ph.D.  in  all  of  the  participating  departments.  The 
Executive  Committee  has  examined  the  progress  and  course  grades  of  the  students  to 
ensure  they  fulfill  the  requirements  of  the  Program.  The  students  are  also  required 
to  complete  an  Ethics  comse  offered  by  University  and  to  attend  the  weekly  conference 
on  Breast  Cancer  Biology  held  by  Dr.  K.  McCarty,  a  member  of  the  Executive 
Committee  of  this  Program.  This  informal  interactive  working  group  was  formulated 
last  year  and  highhghted  only  local  faculty  speakers  some  of  whom  are  faculty 
members  of  this  program.  In  the  next  year,  the  seminar  series  will  include  outside 
speakers,  who  are  experts  in  various  aspects  of  breast  cancer  biology  and  therapy.  It 
will  also  include  individuals  speaking  on  behavioral  aspects  of  breast  cancer  biology 
and  therapy. 
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Table  2 


,  Applicants 

Dapaptments 

Ronna  Campbell 

Pathology 

Albert  Cunningham 

Environmental  &  Environmental  Health 

Ra3rmond  Ganster 

Molecular  Genetics  and  Biochemistry 

Theresa  Hartsell 

Neurology  and  Pharmacology 

Jie-Gen  Jiang 

Pathology 

David  Krisky , 

Molecular  Genetics  and  Biochemistry 

Edwina  Lerner 

Pharmacology 

Donald  Schwartz 

Pharmacology 

Laura  Sheehan 

Molecular  Genetics  and  Biochemistry 

Ernst  ter  Haar 

Graduate  School  of  Public  Health 

Steve  Walker 

Molecular  Genetics  and  Biochemistry 

Mark  Whitmore 

Pharmacology 

Diane  Zeleski 

Pharmacology 

Table  3 


student 

Yeair 

Mentni' 

Title  of  Ptejeet 

Ronna  Campbell 

3 

Michael  T.  Lotze,  M.D. 

The  role  of  interleukin- 12 
in  breast  cancer  biology 

Albert 

Cunningham 

3 

Herbert  S.  Rosenkranz,  Ph.D. 

Structure-activity  relationship  analyses 
of  xenoestrogens  with  respect  to 
th^ir  role  in  carcinogenesis 

Raymond  Ganster 

3 

Martin  C.  Schmidt,  Ph.D. 

Investigation  of  STD  1  function  in  the  cell 
cycle  regulation  of  SUC2  gene  expression 

David  Krisky 

3 

Joseph  C.  Glorioso,  Ph.D. 

The  development  and  use  of 

Herpes  Simplex  virus  type  1  as  a 
vector  for  anti-cancer  gene  therapy 

Edwina  C.  Lerner 

3 

Said  M.Sebti,  Ph.D. 

Ras/Raf  interactions  in  breast  carcinoma: 
inhibition  of  plasma  membrane  localization 
by  Ras-CAAX  peptidomimetics 

Diane  Zeleski 

5 

Guillermo  G.  Romero,  Ph.D. 

Calculated  reduction  in  IRS-1  protein  levels 
can  reverse  the  tumorigenicity 
of  breast  cancer 
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The  formal  course  work  requirement  for  most  of  the  departments  is  similar  and 
is  structured  around  the  4  core  courses  of  (a)  Biochemistry,  Macromolecules  and 
Metabolism,  (b)  Cell  Structure  and  Function,  c)  Molecular  Genetics  and  (d)  Signal 
Transduction.  The  minimum  course  work  for  members  of  the  graduate  program  in 
biopsychology  are  (a)  Principles  of  Behavior,  (b)  Research  Methods,  c)  Systems 
Neuroscience  and  (d)  Mammalian  Physiology.  The  second  year  consists  of  elective 
courses.  Students  supported  by  the  Training  Program  in  Breast  Cancer  Biology 
and  Therapy  will  be  required  to  take  an  additional  course  in  breast  tumor  biology 
and  therapy,  which  will  be  offered  in  the  Spring  of  1996  and  taught  by  a  number  of 
program  faculty.  This  course  will  be  entitled  Breast  Cancer  Pathobiology  and  Therapy. 
An  anticipated  course  outline  is  seen  in  Table  4. 

Table  4.  Course  Outline  fo^  Breast -Cancer,  Pathobiology  and  Therapy 


Lectiire  Block 

•:  Block  Ox^aiiizer  .  • 

Breast  Biology  (4  sessions) 

Topics:  Normal  Development 

Abnormal  Development 

K.  McCarty 

K.  McCarty 

K.  McCarty 

Molecular  Genetics  and  Markers  (4  sessions) 

Topics:  Growth  Factors  and  Signalling 

Oncogenes 

Suppressor  Genes 

Cytogenetics  and  Molecular  Genetics  ! 

D.  Cooper 

J.  Siegfried 

E.  Prochownik 

D.  Cooper 

J.  Locker 

Invasion  and  Metastases  (2  sessions) 

Topics:  Extracellular  Matrix 

Proteolytic  Enzymes 

R.  Goldfarb 

D.  Cooper 

R.  Goldfarb 

Drug  Therapy/Resistance  (6  sessions) 

Topics:  Principles  of  Chemotherapy 

Pharmacokinetics  and  Chemotherapy 

Cell  Cycle  Checkpoints 

Apoptosis 

Drug  Resistance 

Angiogenesis  and  Tumor  Vasculature 

J.S.  Lazo 

S.  Sebti 

J.  Yalowich 

Q.  Dou 

J.S.  Lazo 

J.  Yalowich 

C.  Johnson 

Immunobiology  and  Immunotherapy  (6  sessions) 

Topics:  Tumor  Antigens 

T  and  B  Cell  Function 

Natural  Killer  Cells 

Vaccines 

Adoptive  Therapy 

Gene  Therapy 

O.Finn 

0.  Finn 

S.  McCarthy 

T.  Whiteside 

0.  Finn 

M.  Lotze 

M.  Lotze 

Epidemiology  and  Prevention  (4  sessions) 

Topics:  Approaches  of  Risk  Factor  Assessment 

Data  Acquisition  and  Analyses 

Dietary  Control 

Environmental  Toxins 

L.  EuUer 

L,  Kuller 

K.  McCarty 

L.  Kuller 

B.  Day 

Behavior  (4  sessions) 

Topics:  Stress,  Immunology  and  Hormones 

Psychological  Impact  of  Screening 

Promoting  Compliance 

Behavior  and  Therapeutic  Response 

A.  Caggiula 

A.  Caggiula 

A.  Baum 

A.  Baum 

A.  Caggiula 

4.5  Student  Research 


A  brief  summary  of  the  student  progress  is  listed  below.  One  peer-reviewed 
manuscript  has  been  published,  five  are  in  press  and  one  is  submitted.  Submitted 
and  published  manuscripts  are  found  in  the  Appendix. 


Ronna  Campbell 

The  role  of  interleukin-12  in  breast  cancer  biology 

Interleukin  12  is  a  heterodimeric  (^rtokine  which  was  purified  firom  an  Epstein- 
Barr  virus  transformed  lymphoblastoid  cells  line  based  on  its  abihty  to  stimulate  IFN-g 
production,  activate  NK  cells  and  act  as  a  growth  factor  for  T  and  NK  cells.  In  addition 
to  its  immunostimulatory  activities  ILrl2  has  recently  been  shown  to  possess  an 
antiangiogenic  capacity.  This  antiangiogenic  capacity  is  mediated  by  IFN-g  which  is 
a  powerful  stimulator  of  inducible  protein- 10.  IL-12  is  produced  predominantly  by 
phagoc3dic  cells,  including  macrophages  and  polymorphonuclear  cells  but  has  recently 
been  shown  to  be  produced  by  epidermoid  carcinoma  cell  lines  and  normal  human 
keratinocytes.  Interleukin  10  inhibits  lymphoc5d;e  cytokine  production,  particularly 
IFN-g  from  T  and  NK  cells,  and  inhibits  proliferation  of  T  cells  indirectly  by 
suppressing  monocyte/macrophage  production  of  EL- 12.  IL- 10  is  produced  by  various 
cell  types  including  keratinocsdes,  monoc5d;es  and  B  and  T  cells.  We  hypothesize  that 
human  breast  cancer  cell  lines,  like  other  epidermoid  cell  lines,  may  produce  IL-12 
and  that  this  may  inhibit  tumor  growth  by  inducing  both  nonspecific 
immunostimulatory  activities  and  angiogenic  inhibition.  We  intend  to  test  this 
hypothesis  uring  various  human  breast  cancer  cell  fines  such  as  BT-20,  MDA-NB-435s, 
ZR-75-30  and  others  under  various  culture  conditions  with  and  without  stimulation. 
We  will  measure  IL-12  production  with  EUSA  and  determine  biological  activity  based 
on  its  ability  to  induce  IFN-g  production  firom  human  PBLs.  We  further  hypothesize 
that  the  IL-12  production  may  be  modulated  by  IL-10.  We  wi|l  test  this  h3^othesis  by 
adding  exogenous  IL-10  to  cultured  breast  cancer  cell  fines  and  determine  the  effect 
on  IL-12  production.  We  will  also  use  neutralizing  IL-10  antibody  to  determine  if 
endogenously  produced  IL-10  has  an  effect  on  IL-12  production.  We  have  already 
shown  that  EBV-transformed  ceU  fines  produce  variable  amounts  of  IL-12  and  that 
this  production  is  modulated  by  addition  of  exogenous  IL-10. 
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Albert  Cunningham 


Structure-activity  relationship  analyses  of  xenoestrogens 
with  respect  to  their  role  in  carcinogenesis 

The  objective  of  my  research  into  the  etiology  of  breast  cancer  is  to  help 
determine  whether  a  causative  link  exists  between  environmental  estrogen 
(xenoestrogen)  e:q)osure  and  breast  cancer.  Since,  almost  by  definition,  environmental 
e^^osure  to  xenobiotics  occurs  on  a  minute  scale  (e.g.  low  chronic  doses),  a  statistically 
significant  relationship  between  e}q)osur3  and  carcinogenesis  is  often  hard,  if  not 
impossible  to  estabhsh.  Furthermore,  estrogen  induced  cancer  is  beheved  to  occur 
through  a  “non-genotoxic”  receptor-based  mechanism.  Although  a  non-genotoxic  route 
to  carcinogenesis  is  not  disputed,  the  exact  mechanism(s)  remains  elusive.  The  problem 
then  is  (a)  to  define  the  medianism  of  carcinogenicity  of  estrogens  in  humans,  (b)  to 
determine  if  xenoestrogens  are  included  in  this  archetype  and  ©  to  determine  whether 
it  requires  the  development  of  a  new  mechanism-based  risk  assessment  paradigm.  The 
use  of  mechanistic-based  information  in  defining  carcinogenic  risk  to  humans  has 
gained  acceptance  recently. 

At  the  time  that  I  submitted  my  proposal  for  this  fellowship  I  was  concluding  a 
structure-activity  relationship  (SAR)  study  of  the  carcinogenicity  of  diethylstilbestrol 
(DES),  a  potent  hxunan  estrogenic  carcinogen.  The  study  was  conducted  with  the  aid 
of  MULTICASE,  a  SAR  expert  system,  and  META,  an  expert  system  designed  to 
predict  hiunan  xenobiotic  biotransformation  products. 

This  study  has  yielded  insight  into  the  non-genotoxic  nature  of  estrogen-related 
cancer  since  neither  DES  nor  its  metabohtes  are  potential  mutagens.  Moreover,  the 
analyses  suggested  (a)  that  the  observed  carcinogenic  ;g)ectrum  of  DES  reflects  the  activity 
of  metaboHc  intermediates  and  (b)  that  the  cardnogenicity  of  DES  in  mice  is  due  to  the 
presence  of  a  SA  geometric  descriptor  that  could  be  related  to  an  estrogen  receptor.  In  a 
further  study,  this  distance  descriptor  biophore  has  been  foimd  to  be  present  in  some,  but 
not  all,  estrogens  and  antiestrogens.  Thus  a  dichotomy  exists  between  estrogens  with  and 
=»  without  the  GA  biophore.  This  dissimilarity  may  prove  useful  in  separating  cardnogenicity 
fix)m  estrogenidty  if  the  two  are  separate  phenomena. 

A  sumlar  SAR  investigation  was  conducted  into  the  possible  hxunan  cardnogenidty 
of  tamoxifen  (TMJQ  and  toremifene  (TRM),  two  potent  antiestrogenic  compounds  in 
human  breast  tissue.  Although  the  cardnogenidty  of  these  compounds  has  not  been 
established  in  hvunans,  these  chemicals  are  relevant  to  human  carcinogenesis  due  to  their 
sunilarities  with  DES.  Also,  TMX  has  been  imphcated  in  the  induction  of  rare 
endometrial  cancer  in  hxunans  as  weU  as  the  induction  of  hepatocellxilar  cardnomas  and 
hepatic  adenomas  in  experimental  animals. 
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TRM  has  been  shown  to  be  non-cardnogenic  to  rodents  under  conditions  in  which 
TMX  induces  liver  tumors  in  rats.  Thus,  comparison  of  TMX  and  TRM  could  permit  a 
determination  of  the  mechanism  of  carcinogenicity  of  this  group  of  chemicals,  especially 
with  respect  to  the  possibihly  that  their  estrogenicity  and  carcinogenicity  are  separate 
phenomena. 

TMX,  TRM  and  the  msgority  of  their  metaboLLtes  are  predicted  to  be  non-mutagenic 
in  Salmonella.  However,  the  possibilily  exists  that  metabolism  of  the  putative  desmethyl 
intermediates  may  yield  hydro^cyrlamines  capable  of  modifying  the  deojgrcytidine  and 
deoxyguanosine  moieties  in  DNA.  Thus,  TMX  and  TRM  are  potentially  genotoxic.  This 
is  supported  by  the  finding  that  the  major  DNA-adduct  in  TMX-treated  rats  involves 
deoxyguanosine  and  deoxyc3didine. 

Additionally,  TMX,  TRM  and  many  of  their  metabohtes  are  predicted  to  be  rodent 
carcinogens.  Moreover,  many  of  these  metabohtes  contain  a  GA  or  8.4A  distance  descriptor 
biophore.  The  gA  biophore  identified  in  these  compotmds  is  the  same  biophore  indicative 
of  carcinogenesis  of  DES.  The  prediction  of  the  carcinogenicity  of  TRM  is  not  in  accord 
with  studies  pubhdied  thus  far.  However,  the  reports  available  have  not  excluded  this 
possibihty  since  the  protocols  used  have  not  addressed  it  systematically. 

The  main  impetus  of  work  to  this  point  has  been  in  the  elucidation  of  structural 
features  of  estrogenic  diemicals  as  they  relate  to  carcinogenesis.  The  benefit  of  using 
pharmaceutical  estrogens  has  been  that  their  mechanism  of  action  is  better  vmderstood 
than  xenoestrogens  and  the  doses  received  by  patients  is  much  higher  than  environmental 
exposures,  thxis  the  carcinogenic  response,  if  it  exists,  should  be  easier  to  observe. 

At  the  present  time  the  focus  of  my  investigations  is  a  SAR  analysis  of  the  large 
carcinogenic  potency  database  (CPDB)  of  Lois  Gold  et  al.  The  CPDB  is  a  compilation  of 
the  carcinogenicity  of  113G  chemicals  firom  4487  experiments.  Three  rodent  subsets  have 
been  extracted  fi:om  this  database  (i.e.  rodent,  mouse  and  rat).  A  manuscript  describing 
the  structural  features  of  the  mouse  database  will  be  completed  shortly  followed  by  the  rat 
and  rodent  reports.  The  rat  and  rodent  analyses  should  be  condjuded  rather  quicHy  since 
the  groxmdwork  for  the  investigation  was  laid  diuing  the  mouse  analysis. 

In  the  near  future  I  will  be  assembling  a  database  on  the  estrogenicity  of  chemicals. 
With  this  database  I  hope  to  identify  structural  feature  of  chemicals  indicative  of  there 
estrogenicity.  This  will  be  a  more  inclusive  investigation  than  the  identification  of  the 
previously  discussed  GA  biophore.  Structxural  features  associated  with  estrogenicity  can 
then  be  compared  to  features  related  to  carcinogenicity.  This  comparison  may  reveal  if 
carcinogenicity  and  estrogenicity  are  separate  phenomena  or  are  intimately  related.  The 
medianism(s)  of  action  of  estrogens  and  xenoestrogens  may  be  further  defined. 
Additionally,  structural  information  about  estrogens  may  help  determine  whether 
xenoestrogen  exposme  is  specifically  related  to  the  induction  of  hiunan  breast  cancer. 
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Raymond  Ganster 

Investigation  of  STDl  function  in  the  cell  cycle  regulation  oiSUC2 

gene  expression 

\ 

STDl  was  originahy  isolated  as  a  high  copy  number  suppressor  of  a  dominant 
negative  mutation  in  the  yeast  TATA  Binding  Protein  (TBP).  Increased  STDl  gene 
dosage  rescues  the  gene  specific  transcriptional  defects  and  partiahy  reheves  the  growth 
defect  caused  by  overe35)ression  of  TBPA57  which  e3q)resses  the  evolutionarily  conserved 
carboxy-terminal  "core"  domain  of  TBP  while  lacking  57  amino  terminal  residues  (see 
reference  1).  MSN3  (STDl  )was  independently  cloned  in  the  Carlson  lab  as  a  multicopy 
suppressor  of  the  growth  defect  of  snf4  mutant  yeast  strains  when  growing  on  rafEinose  as 
a  carbon  source.  High  copy  number  STDl  also  rescued  the  snf4  defect  in  derepression  of 
the  SUC2  gene  in  response  to  ^ucose  starvation.  Furthermore,  high  copy  number  STDl 
caused  the  derepression  of  SUC2  in  a  wild  type  ceU  growing  in  the  presence  of  glucose. 
SUC2  encodes  the  yeast  sucrose  invertase  which  is  transcriptionally  repressed  by 
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chromatin  in  cells  growing  in  the  presence  of  ^ucose.  However,  the  derepression  of  SUC2 
occurs  in  response  to  glucose  limitation  and  is  required  for  growth  on  alternative  carbon 
sources.  Significantly,  STDl  and  a  fimctional  homologue  MTHl,  when  deleted  together 
in  a  stdl'mth  double  knockout  strain  impair  the  derepression  of  SUC2,  while  inhibiting 
growth  upon  alternative  carbon  sources.  STDl  gene  dosage  effects  occur  at  the  level  of 
SUC2  transcription.  snf4  encodes  a  protein  which  interacts  with  the  evolutionarily 
conserved  SNFl  kinase  and  is  required  for  full  SNFl  kinase  function  and  SUC2 
derepression.  Furthermore,  snfl  is  required  for  SUC2  derepression  and  derepression  by 
high  copy  number  STDl.  Interestin^y,  STDl  can  interact  with  SNFl  and  TBP  in  the 
yeast  two-hybrid  system  and  in  column  binding  assays.  The  interaction  with  TBP  is  direct 
andhas  fimctional  consequences  for  SUC2  derepression  (see  reference  2).  Furthermore,- 
recent  unpubiishedrdatei  indicate  that  both  high  copy  number  STDl  or  TBP  can  suppress 
the  growth  defects  of  snf  4  or  stdl-mthl  null  allele  strains  growing  upon  alternative 
carbon  sources. 

A  wide  assortment  of  transcriptional  regulators  have  been  isolated  in  genetic 
screens  which  indude  repressors  (i.e.  MIGl,  TUP1/SSN6,  SKOl,  histones  and  HMG-like 
proteins)  and  activators  (SWI/SNF  complex,  MSN2,  STDl  (MSN3),  and MSN4)  of  SUC2 
expression.  However,  scant  information  exists  regarding  the  ds-trans  sequence 
requirements  and/or  protein  interactions  through  which  these  factors  exert  transcriptional 
regulation.  For  instance,  while  others  have  described  SWI/SNF  interactions  with 
nudeosomes  in  genetic  screens  and  biochemical  assays,  we  have  recently  described  the 
"naked  DNA"  binding  properties  of  a  highly  purified  SWI/SNF  complex  (see  reference  3). 
The  evolutionarily  conserved  SWI/SNF  complex  contains  at  least  11  proteins  (induding 
SWIl,  3  and  SNF2, 5  and  6)  and  regulates  the  transcription  of  a  broad  spectrum  of  genes. 
Interestin^y,  hxunanSiVF^  (hSNF2)  isolated  the  Kb  tumor  suppressor  gene  while  serving 
as  a  bait  in  a  yeast  two-hybrid  system  screen.  hSNF2  is  a  member  of  the  human  SWI/SNF 
protein  complex  (see  reference  3)  and  cooperated  with  Kb  in  suppressing  the  growth  and 
transformed  phenotype  of  some  tumor  cell  lines  while  impheating  a  role  for  hSNF2  in  the 
Gl  phase  of  the  cell  cyde.  Furthermore,  recent  data  show  that  high  copy  nmnber  STDl 
or  TBP  dramatically  reduces  the  growth  of  a  snf  5  strain  when  growing  upon  alternative 
carbon  soim^.  The  human  SNF5  was  recently  doned  in  a  yeast  two  hybrid  system  screen 
using  the  HIV  integrase  as  a  bait  and  was  seen  to  fadhtate  HIV  integration  in  vitro.  This 
could  serve  to  place  HIV  under  the  control  of  SWI/SNF  regulation,  which  could  determine 
whether  HEV  remains  latent  or  rather,  activdy  repheates  in  dividing  ceUs.  As  is  the  case 
with  SNFl,  SNFSis  required  for  the  high  copy  number  STDl  derepression  of  SUC2.  The 
relationship  of  STD  1  and  TBP  to  the  SWI/SNF  complex  is  imder  investigation. 

STDlgene  dosage  effects  upon  RNA  expression  have  also  been  observed  for  ADH2, 
CUPl,  and  for  the  repressed  and  "induced"  expression  of  INOl.  However,  the  precise 
nature  of  the  regulatory  signal(s)  and  predictable  STDl  dependent  effects  have  remained 
dusive.  Possible  explanations  for  the  inconsistency  in  STDl  gene  dosage  effects  at  these 
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lod  indude  that  these  e3q)erunents  were  performed  at  different  times  over  a  several  year 
period  and  that  the  yeast  strains,  media  carbon  source,  and  densities  of  the  cell  cultures 
often  varied.,  preduding  direct  comparisons  amongst  the  data.  This  is  in  contrast  to  the 
predictable  STDl  dosage  effects  upon  SUC2  derepression  in  the  presence  or  absence  of 
glucose.  Recent  experiments  analyzing  STDl  gene  dosage  ^ects  upon  SUC2  RNA 
e}q)ression  in  rei^onse  to  ffesh  ^ucose,  .05%  ^ucose,  or  NO  glucose  treatments  indicate 
the  following.  The  derepression  of  SUC2  caused  by  high  copy  niunber  STDl  occurs  with 
similar  kinetics  to  the  normal  de-repression  of  SUC2  in  response  to  ^ucose  limitation 
(.05%  glucose).  Furthermore,  strains  deleted  for  STDl  are  altered  in  the  response  to  a 
total  ^ucose  starvation  (NO  glucose).  Specifically,  SUC2  derepression  is  not  observed  in 
wild  type  cultures  which  are  abruptly  starved  of  ^ucose  (NO  glucose)  however,  some 
derepression  of  SUC2  is  observed  in  an  isogenic  stdl-mthl-  double  deletion  strain. 
Interestin^y,  gradual  glucose  starvation  results  in  a  SNFl  dependent  growth  arrest  in 
late  G1  coupled  with  SUC2  derepression,  while  abrupt  ^ucose  starvation  results  in  an 
immediate  asynchronous  arrest  with  decreased  SUC2  derepression.  This  implies  that  cell 
cycle  progression  or  passage  of  ceUs  through  a  specific  cell  cycle  point  may  be  required  for 
efSdent  SUC2  derepression  and  that  the  glucose  signalling  mechanism  may  input  to  the 
cell  cycle  machinery.  Indeed,  preliminary  evidence  m  synchronized  cells  demonstrates 
that  the  SUC2  mKNA  accumulates  in  a  (ydical  fashion  and  that  high  copy  nvunber  STDl 
alters  the  amplitude  and  phase  of  SUC2  mRNA  accumulation.  One  interpretation  of  the 
above  result  (that  the  STDl  ddetion  strain  can  partially  derepress  SUC2  expression  after 
an  abrupt  glucose  starvation,  whereas  a  wild  type  strain  does  not)  is  that  a  std!2-deletion 
strain  has  a  defect  in  the  SNFl  dependent  61  growth  arrest,  and  that  the  resulting  cell 
<yde  progression  permits  some  SUC2  derepression.  In  this  regard,  STDl  is  also  required 
for  ef&dent  sporulation/meiosis  of  yeast  diploid  strains,  an  event  which  is  coupled  to  arrest 
in  late  61.  Furthermore,  STDl  promoter  DNA  contains  putative  SWI4  cell  cycle  regulatory 
elements.  To  investigate  glucose  and/or  STDl  dependent  cell  cycle  input  to  the  SUC2 
derepression  pathway,  analyses  of  SUC2  RNA  are  now  being  performed  using 
asynchronous  and  cell  cycle  synchronized  cxdtures  of  isogenic  strains  that  contain  0, 1,  or 
hi^  copy  nvunber  STDl  gene  dosage  vmder  a  variety  of  media  carbon  source  conditions. 
Furthermore,  the  expression  of  STDl  mRNA  and  protein  will  be  anal5rzed  vmder  identical 
conditions. 
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David  M.  Krisky 

The  Development  and  Use  of  Herpes  Simplex  Virus  Type  1 
as  a  Vector  for  Anti-Cancer  Gene  Therapy 

There  are  many  forms  of  transfer  available  for  the  addition  of  genetic  material  to 
cellular  taints.  Today,  most  approved  gene  therapy  protocols  use  adenoviral  or  retroviral 
virus  based  vectors  or  a  niunber  of  non-viral  mechanisms,  such  as  hposomes,  for  transfer 
of  DNA.  There  are  sizable  inherent  problems  with  each  of  these  systems.  Adenoviral 
vectors  show  transient  expression,  high  immimogenidty,  low  capacity,  and  troublesome 
wild-type  revertants.  Retroviral  vectors  produce  low  titers  of  viral  stock  which  require 
treatment  with  retrovirus  producing  cell  lines,  whidi  is  imdesLrable  due  to  problems  of 
genetic  stability  .  Liposomes  and/or  naked  DNA  administration  have  been  seen  to  be 
transient  ejpressors  as  well  as  inefficient  vectors  compared  to  their  viral  counterparts.  Due 
to  these  problems  and  others,  viral  vectors  such  as  Herpes  Simplex  Type  1  (HSV-1)  and 
Adeno-assodated  virus  (AAV)  have  gained  popularity  as  possible  gene  therapy  vectors. 
HSV-1  is  a  large,  152kB,  double  stranded  DNA  virus  which  has  been  weU  characterized. 
Deletion  mutants  in  essential  genes,  such  as  ICP4,  have  been  well  characterized  and 
show  low  rates  of  revertants  while  retaining  the  abihty  to  be  grown  to  high  titers.  HSV-1 
as  a  viral  vector  is  not  without  problems.  It  too  suffers  from  transient  expression  and 
compared  to  other  viral  vectors  is  difficult  to  genetically  modify>although  it  does  allow  for 
generation  of  high  titer  stocks. 

This  project  is  involved  in  the  development  of  HSV-1  as  a  gene  therapy  vector  for 
possible  anti-cancer  uses.  To  date  a  number  of  replication  dehdent  viruses  have  been 
developed  and  tested  in  rat  and  mouse  models.  AU  of  these  viruses  are  based  upon  the 
rephcation  defident  ICP4  deletion  mutant  dl20  (DeLuca  et  al.,  1985).  In  each  case  an 
expression  cassette  was  recombined  in  the  thymidine  kinase  locus  of  the  virus.  Each 
cassette  contains  beta-galactosidase  driven  by  the  HGMV  immediate  early  promoter  as 
well  as  a  therapeutic  gene  driven  by  the  HSV-1  strong  ICP4  immediate  early  promoter . 
The  therapeutic  genes  inserted  in  this  class  of  viruses  are  HSV-TK,  hIFN-g,  hIL-2,  mIL-4, 
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and  mB7.1.  The  most  thoroughly  tested  virus  from  this  group  has  been  the  HSV-TK 
producing  virus.  HSV-  TK  is  one  of  a  class  of  suicide  genes  which  can  cause  cell  death 
when  used  in  conjunction  with  the  anti-hei5)etic  drugs  acyclovir  or  ganciclovir.  In  the 
presence  of  HSV-TK  these  drugs  are  chemically  modified  to  become  defective  nucleotides 
which  can  block  DNA  synthesis  via  chain  termination  and  lead  to  death  in  dividing  ceUs. 
Hie  effect  of  these  nucleotides  can  extend  beyond  the  cells  which  are  infected.  Numerous 
studies  have  shown  that  these  d^ective  nucleotides  are  e3q)orted  to  surroimding  cells  via 
gap  junctions  which  can  lead  to  subsequent  killing  termed  the  "bystander  effect"  (Freeman 
et  ah,  1993).  In  vitro  studies  involving  the  9L  rat  ^osarcoma  has  ^own  the  development 
of  a  bystander  effect  upon  treatment  with  ganciclovir  which  leads  to  greater  than  85% 
killing  with  an  infection  rate  less  than  10%  of  cells  (moi=0.1)  and  complete  killing  at 
higher  infection  levds  (moi=l  or  10)  .  This  mutant  virus  also  shows  a  high  level  of 
cytotoxicity  without  the  addition  of  ganddovir.  At  an  moi=l  approximately  75%  of  9L  cells 
are  killed  without  the  addition  of  ganddovir  (GCV),  this  level  increases  to  about  90%  at 
an  moi=10. 

This  HSV-TK  dl20  mutant  has  also  been  tested  in  a  the  9L  gliosarcoma  model  in 
rat  brains  and  MCA207  fibrosarcoma  and  the  p815  mastoQrtoma  line  in  subcutaneous 
models  in  mice.  For  the  9L  rat  gliosarcoma  model  180-220g  male  rats  are  given  an 
intracranial  stereotactic  injection  of  4  xl04  9L  ceUs  on  day  zero.  Viral  treatments  are 
given  in  the  form  of  stereotactic  injections  of  3  x  107  plaque  forming  units  in  a  9  point 
cubical  1mm  x  1mm  x  1mm  area  around  the  tumor  injection  site.  The  average  survival 
times  (n=5)  for  animals  with  treatment  beginning  on  day  7  are  as  foUows;  control  17.6 
days,  control  +  GCV  (  4  days  at  30/mg/kg/day  )  16.6  days,  virus  alone  21.6  days ,  virus  + 
GCV  (  4  days  at  30mg/kg/day)  18.6  days.  The  average  survival  times  (n=5)  for  animals 
with  treatment  beginning  on  days  three  improved  to;  control  19.2  days,  control  +  GCV  (4 
days  at  30mg/kg/day  )  20.8,  virus  alone  22.4  days,  virus  +  GCV  (  4  days  at  30/mg/kg/day) 
23.6  days.  OveraU  tiiese  experiments  suggested  that  the  viral  treatment  had  little  effects 
on  overaU  survival  times  in  these  models.  In  order  to  better  vmderstand  the  shortcomings 
of  this  treatment  experiments  were  performed  as  above  for  seven  days  tumors  but  the 
animals  were  sacrificed  two  days  post  virus  injection  in  order  to  view  tumor 
histology/damage  and  for  beta-galactosidase  staining  in  order  to  measure  viral  spread.  In 
virus  treated  animals  major  areas  of  necrosis  could  be  seen  in  and  around  the  tumor  but 
httle  evidence  of  beta-galactosidase  coidd  be  fovmd.  Associated  with  viral  treatments  were 
substantial  areas  of  mononuclear  infiltrates,  these  infiltrates  have  not  been  seen  with  the 
injection  of  virus  alone  into  the  frontal  lobe.  There  was  little  evidence  at  this  time  of 
increased  tumor  damage  due  to  the  addition  of  GCV.  This  information  when  coupled  with 
the  in  vitro  studies  of  this  virus  suggests  that  the  toxidty  of  the  virus  leads  to  death  of 
most  of  the  tumor  cells  before  the  TK-GCV  associated  killing  could  start.  Given  the  wider 
range  of  killing  associated  with  a  HSV-TK/GCV  bystander  this  cytotoxicdly  was  in  essence 
short  circuiting  a  system  for  wider  and  more  efficient  tumor  killing. 


21 


In  order  to  improve  on  these  results  we  have  begun  a  series  of  modifications  to  our 
HSV-1  based  vectors.  Oxrr  first  aim  is  to  reduce  the  C5dotoxicity  associated  with  our 
current  virus.  When  have  begun  to  systematically  ddete  the  remaining  immediate  early 
genes  as  well  as  genes  coding  for  toxic  products  winch  are  packaged  within  the  virion,  such 
as  the  virion  host  shut  off  protein  and  VP16.  Oiu:  ultimate  goal  is  to  produce  a  base  vector 
which  upon  infection  will  not  transport  toxic  virion  proteins  or  make  extraneous  viral 
proteins  which  could  alter  cellular  fimction.  In  place  of  these  genes  we  have  begun 
inserting  genes  which  could  possibly  augment  the  HSV-TK/GCV  killing  as  well  its 
concomitant  inflammation.  Genes  rmder  consideration  for  this  purpose  include  ILr2, 
IFN-g,  GM-CSF,  B-7.1,  andTNF-a  either  alone  or  in  combination  with  each  other.  Thus, 
while  we  construct  less  toxic  and  safer  vectors  at  the  same  time  we  can  use  the  large 
genomic  size  of  HSV-1  to  om  advantage  in  creating  multigene  viruses  which  in  both  cases^ 
my  lead  to  greater  efficacy. 
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Edwina  C.  Lerner 

Ras/Raf  interactions  in  breast  carcinoma:  inhibition  of 
plasma  membrane  localization  by  Ras-CAAX  peptidomimetics 

For  the  past  year  (September  1,  1994  -  present),  I  have  been  working  in  Dr.  Said 
Sebti's  lab  on  the  mechanism  by  which  famesyltransferase  (FTase)  inhibitors  disrupt 
Ras/Raf  interaction  and  Ras  signaling  in  whole  cells.  Our  efforts  in  this  area  have 
resulted  in  the  first  direct  evidence  that  non-famesylated  cytosolic  Ras  can  act  as  a 
dominant  negative  inhibitor  of  Ras  signaling  and  that  K-Ras4B,  the  most  abundant 
mutated  Ras  in  hiunan  cancers,  is  geranylgeranylated.  These  two  major  findings  have  a 
great  impact  on  future  research  directions  in  the  field  of  targeting  Ras  in  cancer 
chemotherapy.  This  work  resulted  in  two  J.  Biol.  Chem.  publications  that  are  attached. 
A  brief  siunmary  of  the  resxdts  is  described  below. 
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The  Ras  oncogene  plays  a  key  role  in  normal  cellular  proliferation  and 
differentiation  and  is  the  most  frequently  identified  oncogene  in  hmnan  cancers.  The  role 
of  Ras  genes  in  hiunan  mammary  carcinogenesis  remains  imdefined  (ref.  1).  However, 
several  established  human  breast  cancer  cell  lines  have  been  shown  to  contain  a 
mutationally  activated  ras  oncogene  (ref  2),  and  60-70%  of  hyperplastic  lesions  and 
primary  breast  carcinomas  are  highly  expressive  for  Ras  as  compared  to  normal  breast 
epitheha  (ref  1).  Ras  is  a  small  guanine  nucleotide  binding  protein  that  cycles  between 
its  inactive  GDP-bound  state  and  its  active  GTP-boimd  state.  Famesylation  and 
subsequent  membrane  association  of  Ras  is  required  for  its  biological  function  and  its 
oncogmiic  activity.  Thus,  inhibition  of  Ras  membrane  association  provides  a  key  target  for 
novel  approaches  to  anticancer  therapy. 

We  hypothesized  that  when  GTP-locked  Ras  accumulates  in  the  C5dosol  as  a 
consequence  of  inhibition  of  membrane  association,  it  would  bind  tightly  to  Raf  preventing 
it  fix)m  localizing  to  the  plasma  membrane  where  it  must  be  present  to  be  activated.  We 
sought  to  determine  the  mechanism  by  which  inhibition  of  Ras  processing  disrupts  Ras 
downstream  signaling  by  determining  what  happens  to  Raf  when  Ras  is  removed  from  the 
membrane  upon  treating  cells  with  famesyltransferase  inhibitors.  The  results  firom  this 
study  are  docmnented  in  paper  #1  (see  below).  Briefly,  cells  transformed  with  a  GTP- 
locked  Ras  were  treated  with  a  hig^y  potent  Ras  CAAX  peptidomimetic  FTI-277.  Ras  was 
inhibited  fix)m  going  to  the  plasma  membrane  and  therefore  remained  in  the  Qrtosol  where 
it  soaked  up  Raf  which  was  also  inhibited  from  going  to  the  membrane  where  it  would  be 
activated.  Thus,  it  appears  that  GTP-locked  Ras  when  accumiilated  in  the  cytosol  is  acting 
as  a  dominant  negative  inhibitor  resulting  in  the  formation  of  inactive  Ras/Raf  complexes, 
thereby  further  inhibiting  the  activation  of  Ras  downstream  signaling  events,  such  as 
MAP  kinase  (refer  to  paper  #1).  These  studies  provided  a  potential  mechanism  by  which 
FTase  inhibitors  are  selective  to  Ras-transformed  tumors  over  normal  cells  that  do  not 
have  a  GTP-locked  Ras  and  therefore  may  not  soak  up  Raf. 

The  Ras  CAAX  peptidomimetics  are  inhibitors  which  show  great  selectivity  for  the 
en2yme  famesyltransferase  over  a  closely  related  enzyme  geranylgeranyltransferase  I  in 
vitro,  and  they  selectively  block  the  processing  of  famesylated  biit  not  geranylgeranylated 
proteins  in  whole  cells.  However,  mammalian  cells  expresses  four  types  of  Ras  proteins 
(H-,  N-,  KA-,  and  KB-Ras)  among  which  K-Ras4B  is  the  most  frequently  mutated  form  of 
Ras  in  human  cancers.  Work  by  our  lab  and  others  has  demonstrated  the  inhibition  of  H- 
Ras  processing  and  signaling,  but  this  had  not  yet  been  shown  with  K-Ras4B  (paper  #1 
and  #2).  We  were  the  first  to  demonstrate  the  inhibition  of  K-Ras  processing  and  signaling 
in  whole  cells  with  the  highly  potent  famesyltransferase  inhibitor  FTI-277.  The  inhibition 
of  K-Ras  processing,  however,  occurred  at  much  higher  concentrations  than  needed  to 
inhibit  H-Ras  processing  (see  paper  #1)  and  whidi  were  more  closely  equivalent  to 
concentrations  which  inhibited  the  geranylgeranylated  protein  Rap  lA.  We,  therrfore,  set 
out  to  determine  whether  a  GGTase  I-selective  inhibitor  would  dismpt  K-Ras4B 
processing  and  signaling.  Ovir  results  demonstrate  that  oncogenic  K-Ras4B  proces^g 
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and  constitutive  activation  of  MAP  kinase  are  potently  inhibited  by  a  (xGTase  I-selective 
inhibitor  (GrGT[-286)  but  are  resistant  to  one  selective  for  FTase  (FTI-277)  (see  paper  #2). 
The  resvdts  presented  in  this  study  are  critical  to  the  future  development  of  inhibitors  of 
Ras  prenylation  as  potoatial  anticancer  agents.  This  is  a  key  finding  since  K-Ras4B  is  the 
most  frequently  identifred  mutated  Ras  in  hvunan  cancers  and  its  function  has  been 
resistant  to  FTase  inhibitors. 

The  above  studies  were  carried  out  in  NIH  3T3  ceUs  transfected  by  various  Ras 
oncogenes  and  seiye  as  a  great  model  for  future  studies  in  human  tumors  such  as  the 
breast.  Our  plan  is  to  continue  to  investigate  Ras/Raf  interaction  as  a  tai^et  for  designing 
more  selective  anticancer  drugs.  This  will  be  fadhtated  by  the  newly  published  X-ray 
jiStmcture  of  the  Ras/Raf  binding  domain.  Furthermore,  since  we  now  have  a  model  to 
detect  Ras/Raf  association,  we  wiU  test  the  effects  of  Ras  CAAX  peptidomimetics  and 
Ras/Raf  association  in  breast  cancer  cell  lines  which  have  either  an  activated  GTP-locked 
Ras  or  an  overe3q)ressed  Ras  to  determine  the  efficacy  of  these  compounds  in  a  breast 
cancer  model. 
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Diane  M.  Zeleski 


Insulin  Receptor  Substrate  1  (IRS-1)  Expression 
and  Function  in  Human  Breast  Cancer  Cell  Lines 

Background  and  Significance: 

My  piimaiy  hypothesis  is:  A  calculated  reduction  in  lRS-1  protein  levels  can  reverse 
the  tumorigenicity  of  breast  cancer. 

The  insiilin  receptor  (IR)  is  a  member  of  the  tyrosine  kinase  growth  factor  receptor 
family.  Receptor  tryrosine  kinases  play  a  key  role  in  both  normal  and  neoplastic  cell 
growth.  IRover-e3q)ression  induces  a  Hgand-dependent  transformed  phenotype.  A  six-fold 
overe:q)ression  of  structurally  and  functionally  normal  IR  content  has  been  reported  in 
human  breast  cancer  specimens  as  well  as  a  nmnber  of  cultured  breast  cancer  ceU  hues. 
Additionally,  IR  content  has  been  foxmd  to  corrdate  with  other  clinical  parameters, 
including  tumor  size  and  grade,  that  reflect  increased  tumor  a^essiveness.  Since  the 
receptor  number  has  been  established  to  be  aberrant,  the  possibility  exists  that  by 
short-circuiting  the  signal  transduction  pathway  just  proximal  to  the  receptor,  a  reversal 
of  the  tmuorigenicity  of  these  breast  cancer  cell  lines  may  be  realized. 

A  potential  candidate  that  fulfills  the  aforementioned  criteria  is  IRS-1.  Numerous 
studies  have  reported  that  IRS-1  is  an  important  pho^hoprotein  central  to  many  of 
insulin’s  and  IGF-l's  signaling  pathways,  and  it  functions  just  proximal  to  the  receptor. 
Fortunately,  the  rat,  mouse,  and  hmnan  IRS-1  sequences  have  recently  been  doned.  The 
three  protein  sequences  are  highly  conserved  (>90%),  particularly  in  their  potential 
phosphorylation  sites.  This  hi^  degree  of  conservation  across  spedes  supports  the  notion 
of  the  central  importance  of  IRS-1  in  both  insulin  and  IGF-1  signaling.  IRS-1  contains  at 
least  a  dozen  tyrosine  residues  and  nearly  50  serine/threonine  residues  as  potential 
pho^horylation  sites.  Although  the  in  vivo  phosphorylation  status  of  IRS- 1  has  not  been 
thoroughly  characterized,  the  enormous  munber  of  such  sites  implies  that  it  is  a  highly 
regulated  phosphoprotein  in  downstream  modulation  of  growth  factor  activation. 
Immediately  following  insuhn/IGF-l  stimulation,  IRS-1  is  rapidly  phosphorylated  on 
tyrosine  residues.  Phosphotyrosinated  IRS-1  is  known  to  interact  with  the  SH2  domains 
of  several  critical  signaling  proteins.  These  indude:  the  regulatory  85  kD  a  subxmit  of 
PI3K;  the  tyrosine  pho^hatase,  SHPTP2;  the  adaptor  protein,  Grb-2,  essential  for  p21ras 
activation;  and  oncogenic  adaptor  proteins,  such  as  Nek.  An  observations  of  considerable 
importance  is  the  fact  that  the  functional  expression  of  IRS- 1  protein  has  recently  been 
estabhdied  as  an  absolutdy  essential  component  for  the  mitogenic  response  in  a  CHO  cell 
line.  Given  the  fact  that  both  insulin  and  IGF-1  stimulate  proliferation  of  breast  cancer 
cdls  and  IRS-1  is  a  central  component  of  this  signaling,  the  study  of  the  role  of  IRS-1  in 
the  pathobiology  of  breast  cancer  is  of  considerable  interest. 
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Preliminary  Results: 

The  candidate  is  currently  performing  thesis  research  in  the  laboratory  of  Professor 
Guillermo  Romero  in  the  Department  of  Pharmacology.  Over  the  past  year  of  support  on 
grant,  prdiminary  studies  have  focused  on  IRS-1  knockout  experiments  utilizing 
antisense  strategies  in  a  murine  NIH3T3-derived  fibroblast  cell  line,  F442A.  Antisense 
constructs  have  been  generated  in  the  established  eukaryotic  expression  vector,  pcDNA3 
(In  ^^trogen),  carrying  antisense  (or  sense)  versions  of  the  rat  IRS-1  cDNA  (78%)  or  a 
synthetic  57-mer  targeted  at  the  initiation  site.  This  vector  is  equipped  to  produce 
high-level  constitutive  transcription  firom  mammalian  enhancer/promoter  sequences 
(CMV).  In  addition  to  other  features  not  mentioned,  it  contains  the  neomycin  resistance 
-  gene  for  selection  of  G418  resistant  stable  eukaryotic  clones.  The  orientation  of  the  insert 
in  these  constructs  has  been  verified  by  restriction  enzyme  digestion  and  automated 
sequencing  of  the  constructs  is  in  progress.  Sense  orientation,  as  well  as  transfection 
performed  with  the  vector  alone,  have  served  as  negative  controls.  pcDNA3  and  its 
precursor  vector,  pcDNAl/neo,  have  been  successfully  employed  for  the  selection  of  stable 
transfectants  by  several  laboratories.  In  addition,  successful  episome-based  antisense 
strategies  have  been  reported  against  IRS-1  to  ablate  the  insulin-induced  mitogenic 
response  in  a  stable  CHO  cell  fine,  as  well  as  against  IGF-1,  which  resulted  in  a  loss  of 
tumorigenicity  of  rat  gjlioblastoma.  This  strategy,  therefore,  has  not  been  designed  without 
precedence. 

To  date,  cationic  hposome-mediated  transfection  (with  Lipofectamine,  Gibco,  BRL) 
has  been  completed  in  the  F442A  cdl  line,  and  selection  and  propagation  of  single  clones 
stably  eiqiressing  the  constructs  has  been  achieved.  Analysis  by  SDS-PAGE,  Western  blot, 
and  densitometry  has  revealed  that  the  antisense  constructs  exhibit  a  52%  (cDNA)  and 
27%  (57-mer)  reduction  in  IRS-1  protein  content  relative  to  the  mock  transfection  control. 
Our  antisense  constructs  seem,  therefore,  to  be  effective  in  achieving  the  desired  goal  of 
a  significant  decrease  in  IRS-1  protein  levels. 

These  preliminary  studies  are  being  extended  to  several  breast  cancer  cell  lines. 
Four  of  the  initial  eight  breast  cancer  cell  lines  screened  are  being  retained  for  fiirther 
studies  based  upon  basal  IRS-1  content  (W.  blot)  and  estrogen  receptor  (ER)  status,  an 
important  indicator  of  the  success  of  breast  cancer  therapy.  The  cell  lines  to  be  examined 
are:  (1)  BT20  Oow  IRS-l,  ER+  but  non-functional);  (2)  SKBR3  (moderate  IRS-1,  ER  to  be 
determined);  (3)  T47D  (moderate  IRS-1,  ER+);  and  (4)  MDA-MD-231  (high  IRS-1,  ER-). 
Since  the  candidate  will  be  focusing  on  mitogenic  assays,  these  cell  lines  are  being  grown 
in  RPMI  media  (+10%  FBS,  +1%  penidllin/streptomycin)  minus  phenol  red,  which  has 
been  shown  to  exhibit  estrogen-like  effects  on  estrogen-sensitive  cell  lines.  Based  on  the 
preliminary  Western  blots  performed  to  determine  IRS-1  content,  an  apparent  shift  in 
mobility  of  IRS-1  was  noticed  in  these  breast  cancer  cell  lines  compared  to  the  typical 
mobihty  of  the  basal  state.  Similar  mobfiity  shifts  have  been  observed  with  insulin 
treatment  in  other  systems  and  are  consistent  with  tyrosine-phosphorylated  IRS-1.  We 
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are  currently  investigating  if  IRS- 1  is  tyrosine  pho;^horylated  (and  therefore  activated) 
in  the  basal  state  in  these  cell  lines,  and  if  so,  does  this  contribute  to  their  tumorigenic 
potential? 

Other  e3q)ermients,  designed  to  examine  the  mitogenic  effect  of  insulin  or  IGF-1 
acting  through  IRS-l  in  these  cell  lines,  are  of  relevance.  One  such  assay  involves  the 
activation  of  phospholipase  D  (PLD),  which  results  in  the  liberation  of  diacylg^ycerol 
(DAG)  and  phosphatidic  acid  (PA).  Both  of  these  second  messengers  are  well  known  for 
tiieir  mitogenic  potential  If  IRS-1  is  critical  in  eliciting  this  mitogenic  effect,  then  the  npRs 
containing  the  antisense  constructs  should  exhibit  less  PLD  activation.  Tnitjal 
e:q)eriments  examining  the  activation  of  PLD  are  already  imderway  in  our  laboratory. 

Futiure  Work: 

Experiments  to  be  performed  in  the  second  year  of  funding  on  thi.s  grant  include 
transfection  of  the  breast  cancer  cells  with  the  ^orementioned  antisense  and  sense 
constructs.  A  more  marked  decrease  may  perhaps  be  achieved  by  utilizing  a  ■<=iinii1flr  vector 
now  available  to  us  that  contains  a  b-gjlobin  intron  between  the  CMV  promoter  and  the 
insert  that  has  been  shown  to  increase  transcription  off  of  this  promoter.  Another 
approach  which  we  plan  to  test,  recently  reportedin  the  htmature,  is  the  utilization  of  high 
dose  insulin  (1  mJ^  treatment  for  24  hours,  which  results  in  a  virtually  specific  90% 
reduction  in  IRS-1  protein. 

Of  additional  interest,  a  series  of  miuine  hematopoietic  progenitor  ceU  lines  (32D) 
have  recently  been  made  available  to  us.  The  parental  ceU.  line  does  not  contain  any  IRS- 1 
and  low  levels  of  IR,  while  the  three  variants  have  been  transfected  with  IR,  IRS-1,  or 
both,  respectively.  These  cells  wiU  allow  us  to  specifically  address  the  involvement  of 
IRS-1  in  our  fiiture  work.  Mitogenic  assays  that  measure  the  activation  of  PLD,  PI3K  and 
MAPK  wUl  also  be  performed  in  these  cells,  and  results  obtained  herein  shovdd  help  direct 
us  in  our  experiments  with  the  breast  cancer  cell  lines. 

Other  endpoints  to  be  monitored  in  our  transfected  cells  will  be  cellular  changes  in 
morphological  appearance,  growth  rate,  serum  dependence,  growth  in  semi-sohd  medium 
(0.41%  agar)  and  eventuaUy,  experiments  in  nude  mice  to  assess  the  tumorigenic  potential 
of  the  transfected  cells  containing  the  antisense  constructs.  It  is  envisioned  that  a  decrease 
in  the  transformed  phenotype  wOl  be  realized  via  this  strategy.  The  mitogenic  effect  of 
activating  the  insulin  signal  transduction  pathway  plays  a  pivotal  role  in  the  pathobiology 
of  certain  breast  cancers,  and  ultimately,  ERS-l  may  be  targeted  effectively  for  gene 
therapy  of  those  breast  cancers. 
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Summary 


A  distance  descriptor  (6A)  originally  associated  with  non-genotoxic  mouse  carcinogens 
has  been  found  to  be  present  in  some,  but  not  all,  estrogens  and  antiestrogens.  It  is 
hypothesized  that  this  descriptor  describes  a  ligand  binding  site  on  an  estrogen  receptor. 
Evidence  is  presented  that  those  estrogens  and  antiestrogens  not  containing  the  bA  distance 
bind  to  a  different  receptor.  It  is  conceivable  that  binding  to  the  receptor  that  recognizes 
the  bA  distance  is  associated  with  carcinogenicity. 


Introduction 

The  extension  of  SAR  methods  to  the  elucidation  of  the  action  of  non-genotoxic 
carcinogens  is  controversial.  Thus,  based  upon  the  electrophilic  theory  of  cancer  causation 
(Miller  and  Miller,  1977)  there  is  agreement  that  SAR  approaches  are  useful  for  studying 
genotoxic  carcinogens.  There  are,  however,  differences  as  to  the  appropriateness  of  applying 
SAR  methods  to  the  study  of  non-genotoxic  carcinogens.  The  perceived  obstacle  to  the 
successful  use  of  SAR  derives  from  the  recognition  that  there  is  no  single  mechanism 
responsible  for  the  action  of  non-genotoxic  carcinogens  (lARC,  1992;  Ashby,  1992,  1994; 
Rosenkranz,  1992).  In  the  present  study  we  identify  a  geometrical  descriptor  that  appears 
associated  with  non-genotoxic  carcinogens  and  which,  in  fact,  may  represent  a  ligand  binding 
site  on  an  estrogen  receptor.  Moreover,  "genotoxic"  carcinogens  which  are  defined 
operationally  as  rodent  carcinogens  that  are  Salmonella  mutagens  and/or  possess  "structural 
alerts"  for  DNA  reactivity  (Ashby  and  Tennant,  1991)  are  generally  assumed  to  pose  a 
greater  risk  to  humans  than  "non-genotoxic"  ones  (Ashby  and  Morrod,  1991).  Indeed,  the 


great  majority  of  recognized  human  carcinogens  are  "genotoxic"  (Ennever  et  al,  1987; 
Shelby,  1988;  Bartsch  and  Malaveille,  1989).  The  major  exception  to  this  generalization  are 
the  hormonal  carcinogens  (e.g.,  diethylstilbestrol,  estradiol)  which  are  thought  to  act  by 
receptor-mediated  mechanisms  (Barrett,  1992;  Lucier,  1992;  lARC,  1992).  However,  the 
recent  reports  that  diethylstilbestrol  (Gladek  and  Liehr,  1989;  Williams  et  al,  1993)  and 
?  tamoxifen  (Montandon  and  Williams,  1994;  Han  and  Liehr,  1992;  White- ef  a/., '1992;-Hard 
et  al,  1993)  form  DNA-adducts  have  generated  renewed  interest  in  the  basis  of  the 
carcinogenicity  of  this  group  of  agents.  Recent  studies  in  our  laboratories  have  been 
concerned  with  the  structural  basis  of  the  carcinogenicity  of  "genotoxic"  and  "non-genotoxic" 
carcinogens  and  their  metabolites  using  the  expert  systems  CASE/MULTICASE  and  META 
(Rosenkranz  and  Klopman,  1995).  Indeed,  in  a  recent  study  of  the  carcinogenicity  of  DES 
and  its  known  and  putative  metabolites,  we  were  unable  to  identify  either  mutagenic  or 
electrophilic  metabolites  that  could  be  the  basis  of  a  "genotoxic"  mechanism  of 
carcinogenicity  (Cunningham  and  Rosenkranz,  1994).  In  the  course  of  these  and  related 
studies,  we  did,  however,  obtain  evidence  that  the  carcinogenicity  of  DES  in  mice  was 
associated  with  a  lipophilic  6A  geometric  distance  descriptor  (Cunningham  and  Rosenkranz, 
1995).  Since  this  could  reflect  the  presence  of  a  ligand  binding  site,  we  further  investigated 
the  nature  of  the  chemicals  which  contain  this  descriptor.  The  results  of  that  study  are 
reported  herein. 


2 


Material 


Expert  System:  CASE/MULTICASE 

For  the  present  investigation,  we  used  the  MULTICASE  (MC)  program  (Klopman, 
1992;  Klopman  and  Rosenkranz,  1994).  Basically,  MC  selects  its  own  descriptors 
automaticaUy  from  a  learning  set  composed  of  active  and  inactive  molecules.  The 
descriptors  are  readily  recognizable  single,  continuous  structural  fragments  that  are 
embedded  in  the  complete  molecule.  The  descriptors  consist  of  either  activating  (biophore) 
or  inactivating  (biophobe)  fragments.  Each  of  these  fragments  is  associated  with  a 
confidence  level  and  a  probability  of  activity  which  is  derived  from  the  distribution  of  these 
biophores  and  biophobes  among  active  and  inactive  molecules. 

Upon  completion  of  these  analyses,  MC  selects  the  most  important  of  these  fragments 
as  a  biophore,  le.,  the  functionality  that  is  responsible  for  the  experimentally  observed 
activity  of  the  molecules  that  contain  it.  MC  then,  using  the  molecules  containing  this 
biophore,  will  use  them  as  a  learning  set  to  identify  the  chemical  properties  structural 
fragments)  or  physical  chemical  properties  {e.g.,  log  P,  water  solubility,  quantum  mechanical 
parameters  such  as  HOMO  and  LUMO,  etc.)  that  modulate  (either  augment  or  decrease) 
the  activity  of  the  initially  identified  biophore.  This  will  result  in  a  QSAR  equation  for  this 
subset  of  molecules.  If  the  data  set  is  congeneric,  then  the  single  biophore  and  associated 
modulators  may  explauLthe_activity  of  the  entire  training  set.  This  will  usually  not  occur  and 
there  will  be  a  residue  of  molecules  not  explained  by  the  single  biophore  and  related 
modulators.  When  this  happens,  the  program  will  remove  from  consideration  the  molecules 
already  explained  by  the  previous  biophore  and  will  search  for  the  next  biophore  and 
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associated  modulators.  The  process  is  continued  until  the  activity  of  all  of  the  molecules  of 
the  learning  set  has  been  explained. 

The  resulting  list  of  biophores  is  then  used  to  predict  the  activity  of  yet  untested 
molecules.  Thus,  upon  submission  for  evaluation,  MC  will  determine  if  an  unknown 
molecule  contains  a  biophore.  If  it  does  not,  the  molecule  will  be  predicted  to  be  inactive 
unless  it  contains  a  group  that  chemically  resembles  one  of  the  biophores,  in  which  case  it 
will  be  flagged.  When  the  molecule  contains  a  biophore,  the  presence  of  modulators  for  that 
biophore  will  be  investigated.  MC  will  then  make  qualitative  as  well  as  quantitative 
predictions  of  the  activity  of  the  unknown  molecule. 

Obviously,  while  biophores  are  the  determining  structures,  the  modulators  may 
determine  whether  and  to  what  extent  the  biological  potential  of  the  chemical  is  expressed. 

Additionally,  MC  incorporates  the  following  rules  to  identify  two-dimensional  distance 
descriptors  based  upon  the  presence  of  lipophilic  centers.  These  two  dimensional  distances 
are  calculated  from  the  molecular  structure.  Heteroatoms  and  lipophilic  carbon  atoms  are 
designated  as  “special”  atoms.  A  carbon  atom  is  designated  as  a  lipophilic  center  if  it  is  at 
least  four  bonds  away  from  a  heteroatom  and  is  also  the  furthest  carbon  away  from  the 
heteroatom  when  its  neighbors  are  considered.  After  all  the  “special”  atoms  are  identified, 
the  distances  between  all  possible  pairs  are  calculated. 

- ^The  distributiomof  these  descriptors  among  active  and  inactive  molecules  is  analyzed 

for  statistical  significance.  If  the  atoms  at  both  ends  of  the  distance  descriptor  are  all  the 
same,  including  the  number  of  attached  hydrogens,  the  biophore  is  designated  an  “exact” 
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descriptor.  Various  atom  groupings  are  also  investigated,  Le.,  hydrogen  bond  acceptors  and 
donors  as  well  as  halogens. 

Expert  System:  META 

The  expert  system  “META”,  a  computer  based  metabolism  program,  was  used  to 
investigate  the  metabolism  of  tamoxifen^  and  tomerifene.  The  META  program  has  been 
recently  described  in  detail  (Klopman  et  al.,  1994;  Talafous  et  al,  1994).  Briefly,  META 
contains  a  knowledge  set  of  665  enzyme-catalyzed  and  286  spontaneous  reactions  which 
constitute  most  of  the  phase  I  and  II  metabolic  pathways.  When  presented  vrith  the 
structure  of  a  parent  molecule,  META  indicates  a  series  of  possible  metabolic  pathways 
which  include  a  graphical  description  of  each  possible  metabolite(s)  and  intermediate 
metabolite(s)  as  well  as  the  enzymes  used  to  generate  these. 

Mouse  carcinogenic  potency  database 

The  carcinogenic  potency  database  was  assembled  by  Gold  et  al.  (1984,  1986,  1987, 
1990,  1993).  A  subset  of  mouse  carcinogens  (males  and  females)  was  derived  from  this 
compilation  and  subjected  to  MC  analysis.  In  that  database,  chemicals  reported  as 
carcinogenic  by  the  primary  authors  are  accompanied  by  their  TD50  values,  i.e.,  the  dose 
required  for  50%  of  the  animals  to  remain  cancer  free  (Gold  et  al,  1984;  Peto  et  al.,  1984). 
These  were  transformed  into  gavage  equivalents(  Gold  et  al.,  1984,  1986;  Brown  and  Ashby 
1990).  Additionally,  the  TD5Q  values  (in  mg/kg/day)  were  converted  in  mmol/kg/day.  Using 
Equation  1  (see  below),  chemicals  were  assigned  to  activity  groups. 
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The  database  consists  of  639  chemicals,  291  of  which  are  carcinogens,  11  are  marginal 
and  337  are  non-carcinogens.  Chemicals  reported  by  the  authors  to  be  non-carcinogenic  in 
mice  were  assigned  10  CASE  units  together  with  chemicals  with  a  TD50  value  in  excess  of 
51  mmol/kg/day. 

For  the  purpose  of  the  SAR  analysis,  TD^q  values  (te.,  potencies)  in  mmol/kg/day 
were  transformed  into  CASE  units  using  the  following  relationship: 

CASE  activity  =  14.1329  *  (log  1)  /  (TD50  -h  44.1329)  (Equation  1) 

In  order  to  accomodate  the  broad  range  of  TD  values  present  in  the  data  base,  we 
chose  to  relate  the  TD^q  values  to  CASE  units  in  a  logarithmic  function.  Thus,  using 
Equation  1,  chemicals  in  the  range  of  10  to  19  CASE  units  are  inactive  or  exhibit  negligible 
activity.  Chemicals  with  activities  in  the  range  of  20  to  29  CASE  units  are  seen  as  marginally 
active  and  chemicals  in  the  range  of  30  to  99  CASE  units  are  called  carcinogenic. 

It  should  be  noted  that  since  the  data  base  is  for  carcinogenicity  in  mice  (males  and 
females),  the  MULTICASE  predictions  do  not  specify  the  gender  involved.  Moreover,  in 
the  analyses  no  attempt  was  made  to  predict  tissue-specificity. 

Results  and  Discussion 

The  6A  descriptor  (see  Figure  1)  was  originally  identified  as  a  biophore  associated 
with  carcinogenicity  in  mice  (Cunningham  and  Rosenkranz,  1995).  That  finding  was  based 
upon  the  Carcinogen  Potency  Database  of  Gold  et  al.  (1984,  1986,  1987,  1990,  1993). 
Among  the  chemicals  in  the  data  base  which  contain  this  descriptor  was  estradiol  and  related 
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chemicals  (Figure  1),  thus  suggesting  that  the  6A  descriptor  may  be  associated  with 
estrogenicity.  In  order  to  determine  whether  this  was  the  case,  we  tested  a  series  of 
chemicals  reported  to  be  endowed  with  estrogenicity  for  the  presence  of  the  bA  descriptor. 
A  number,  but  not  all,  of  them  displayed  this  property,  suggesting  that,  indeed,  this 
descriptor  is  related  to  estrogenicity.  It  should  be  noted  that  while  the  therapeutically  useful 
anticancer  agents  tamoxifen  and  toremifene  lack  the.bA  descriptor  (Table  1),  some  of  their 
metabolites  contain  it.  Indeed,  among  these  are  the  metabolites  which  are  believed  to  be 
responsible  for  the  estrogenicity  of  tamoxifen  (see  Lemer  and  Jordan,  1990).  If  it  be 
assumed  that  the  bA  descriptor  identifies  not  only  a  biophore  associated  with  murine 
carcinogenicity,  but  also  an  estrogen-receptor  ligand,  then  the  presence  of  this  moiety  in 
tamoxifen  metabolites  may  explain  the  carcinogenicity  as  well  as  the  estrogenicity  of  the 
parent  molecule.  Moreover,  this  suggests  that  the  two  phenomena  may  result  from  the 
same  mechanism,  i.e.,  binding  to  a  specific  site.  If  this  is  so,  then  it  could  be  advantageous 
to  design  antiestrogens  which  lack  the  bA  descriptor  and  therefore  bind  to  another  receptor. 
In  order  to  determine  whether  this  is  a  viable  alternative,  we  tested  a  number  of  estrogens 
and  antiestrogens.  It  is  of  interest  to  note  that  some  of  these  (e.g.,  ICI  lb4,384  and  ICI 
182,780)  contain  the  bA  descriptor  (Figure  2)  while  others  ie.g.,  LY  117018)  do  not  (see 
Table  1).  It  has  already  been  suggested  that  LYl  17018  and  tamoxifen  (Black  and  Goode, 
1981;  Scholl  et  al  1983)  and  LY  117018  and  ICI  lb4,384  /  ICI  182,780  (Coradini  et  al.  1994) 
have  different  bases  for  their  antiestrogenicity.  The  present  findings  together  with  the 
previously  reported  dichotomy  of  the  action  of  antiestrogens,  suggests  that  the  latter  may  act 
by  different  mechanisms.  Our  findings  further  suggest  the  possibility  that  the  bA  distance 
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descriptor  identifies  a  ligand  binding  site  on  one  of  the  estrogen  receptors.  If  indeed  the  6A 
biophore  is  associated  with  rodent  carcinogenicity,  then  perhaps  targeting  the  estrogen 
receptor  which  does  not  recognize  this  moiety  may  be  a  promising  endeavor  for  the 
development  of  therapeutically  useful  antiestrogens. 

As  mentioned  earlier,  the  bA  biophore  was  first  identified  using  a  rodent 
^  carcinogenicity  data  base  which  is  not  congeneric  with  respect  to  chemical  species. 
Accordingly,  the  modulators  identified  as  associated  with  this  biophore  may  not  provide  a 
complete  understanding  of  the  factors  affecting  activity. 

In  order  to  further  explore  the  nature  of  the  bA  biophore,  the  data  base  was 
supplemented  with  a  series  of  diverse  molecules  containing  these  descriptors  (N  =  31)  as 
well  as  with  congeners  lacking  it  (N  =  9).  Upon  analysis  of  this  "synthetic"  learning  set  with 
MULTICASE,  the  bA  biophore  was  once  again  identified  (p  <  0.01).  However,  the  nature 
of  the  modulators  associated  with  this  biophore  permitted  a  further  delineation  of  its  nature. 
Thus,  all  of  the  modulators  are  within  the  bA  domain  and  describe  moieties  that  either 
enhance  or  decrease  the  projected  activity  (see  Figure  3).  Moreover,  the  physical  chemical 
modulator  affecting  this  biophore  is  the  log  P  (octanol:water  partition  coefficient)  which 
further  substantiates  that  the  bA  biophore  encompasses  a  lipophilic  center.  Thus,  the 
modulators  are  consistent  with  the  possibility  that  the  bA  biophore  describes  a  ligand  which 
is  recognized  by  a  specific  receptor. 

Finally,  in  order  to  gain  an  understanding  of  the  possible  distribution  of  the  bA 
biophore  among  molecules,  we  determined  its  presence  among  molecules  (N  =  5400) 
representing  the  "universe  of  chemicals".  Some  of  the  chemicals  containing  this  moiety  are 
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listed  in  Table  2  and  it  is  of  interest  that  it  is  present  in  a  wide  selection  of  agents,  some  of 
which  are  in  widespread  use  (e.g.,  BOT),  others  which  are  used  in  cancer  chemotherapy  (e.g., 
NSC377163)  and  still  others  which  are  used  in  traditional  medicine  (e.g.,  hemigossypol). 
Some  of  these  might  be  endowed  with  estrogenicity.  It  is  of  further  interest  that  some 
hydroxylated  metabolites  of  polycyclic  aromatic  hydrocarbons  (s.g.,  11-hydroxypyrene,  5- 
hydroxydibenz  (a,h)anthracene,  3-hydroxy-7,12-dimethylbenz(a)anthracene)  contain  the  6A 
biophore  (Table  2).  The  estrogenicity  of  polycg^clic  aromatic  hydrocarbons  is  a  recognized 
phenomenon  (Davis  et  aL,  1993;  Safe,  1995). 

The  current  findings  suggest  a  number  of  additional  studies  that  should  lead  to  a 
further  refinement  of  the  biophore  as  well  as  a  better  understanding  of  its  relevance  to  the 
induction  of  cancer  and  estrogenicity.  Moreover,  the  recognition  of  at  least  two  classes  of 
estrogens  differing  in  a  geometric  descriptor  may  enable  us  to  identify  the  nature  of  the 
ligand  which  binds  to  the  other  estrogen  receptors. 

The  present  report  documents  the  existence  of  a  structural  descriptor  which  appears 
to  be  related  to  non-genotoxic  carcinogens.  Moreover,  the  new  biophore  implies  a 
mechanism  of  action  as  well.  This  indicates  the  feasibility  of  applying  SAR  approaches  to 
non-genotoxic  carcinogens. 
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TABLE  1 


Distribution  of  6k  Descriptors  Among  Estrogens, 
Xenoestrogens,  and  Antiestrogens 


CHEMICAL 

Type 

6A  Descriptor 

o,p’-DDE 

Xenoestrogen 

l-Hydroxy-E-X-diethylstilbestroI 

Estrogen  metabolite 

+ 

17-a-Ethinyl  estradiol 

Estrogen 

+ 

2’-Hydroxygemstein 

Phytoestrogen 

. 

3  ’-Hydroxy-E-diethylstilbestroI 

Estrogen  metabolite 

+ 

3’-Methoxy-E-diethylstilbestrol 

Estrogen  metabolite 

+ 

3-Hydroxytamoxifen 

Antiestrogen  metabolite 

4’,4"-Diethylstilbestrol  quinone 

Estrogen  metabolite 

• 

4-Hydroxytamoxifen  acid 

Antiestrogen  metabolite 

+ 

4-Hydroxy-deamino-hydroxytoremifene 

Antiestrogen  metabolite 

+ 

4-Hydroxytoremifene 

Antiestrogen  metabolite 

+ 

Benzestrol 

Estrogen 

+ 

Chlordecone 

Xenoestrogen 

- 

Coumestrol 

Phytoestrogen 

. 

Dienestrol 

Estrogen 

+ 

Diethylstilbestrol 

Estrogen 

+ 

Estriol 

Estrogen 

+ 

Estrone 

Estrogen 

+ 

Genistein 

Phyto  estrogen 

- 

Hexestrol 

Estrogen 

+ 

Indenestrol  A 

Phytoestrogen 

+ 

Megestrol 

Estrogen 

. 

Mestranol 

Estrogen 

Norgestrel 

Estrogen 

. 

Norlestrin  (Isomer  A) 

Estrogen 

+ 

Phenol  red 

Estrogen 

Tamoxifen 

Antiestrogen 

- 

T  amoxifen-bis-phenol 

Antiestrogen  metabolite 

+ 

Tetrahydrocannabinol 

Xenoestrogen 

. 

Toremifene 

Antiestrogen 

- 

Zearalenone 

Xenoestrogen 

- 

/3-Estradiol 

Estrogen 

+ 

z-Bisdehydrodoisynolic  acid 

Phytoestrogen 

+ 

Allenolic  acid 

Phytoestrogen 

+ 

Kaempferol 

Phytoestrogen 

- 

Quercetin 

Phytoestrogen 

- 

13 


TABLE  1  continued 


Distribution  of  6A  Descriptors  Among  Estrogens, 
Xenoestrogens,  and  Antiestrogens 


Antiestrogens 


Type 


6A  Descriptor 


ICI  164,384 
ICI  182,780 
LY  117018 


MER  25  (Ethamoxytriphetol) 

3-Phenylacetylamino-2,6-piperidmedione 

p-Hydroxy-3-phenylacetylamino-2,6-piperidinedione 


Antiestrogen 

Antiestrogen 

Antiestrogen 

Antiestrogen 

Antiestrogen 

Antiestrogen 


+ 

+ 


Additional  hydroxylated  putative  metabolites  of  tamoxifen  and  toremifene  also  contain  the 
6A  structural  descriptor. 
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TABLE! 

Some  Chemicals  Containing  the  6k  Descriptor 


1  l-Hydroxybenzo(a)pyrene 

1,3,4-XylenoI 

2-Amino-4-methylphenol 

2- Ainino-4-methylphenol 

2.3- Dihydroxynaphthalene 

2.4- DimethyIphenol 
2,4,6-Trimethylphenol 

3- t-ButyI-5-methyIcatechol 

3- t-OctyI-5-methylcatechoI  ^ 

3.4.5- TrimethyIphenol 
3,9-Dihydroxybenzanthrone 

4- Hydroxy-desmethyl-toremifene 

4-Methyl-2-nitrophenol 
4-Methylcatechol 

4- Methylphenol  (p-CresoI) 
4,4’Dihydroxy-3-(hydroxymethyl)  diphenylmethane 

4.5- Dimethyl-3-pentadecyIcatechol 

4.5- DimethyIcatechol 

5- Hydroxyacenaphthene 
7-Hydroxy-4-isopropyltropolone 
Allylsyringol 

Aucuparin 

Butylated  Hydroxytoluene  (BHT) 

C.I.  Disperse  Yellow  3 
C.I.  Pigment  Red  3 
Calmagite 

Cl  Pigment  Red  No.  23 
CL  Pigment  Red  No.  23 
Citrus  Red  2 
D  and  C  Red  No.  10 
D  and  C  Red  9 
Desoxyhemigossypol 
Diflunisal 
Eugenol 

Fast  Green  FCF 

Gamma-thajaplicin 

Gossypol 

Hemigossypol 

Levallorphan 
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TABLE  2  (continued) 

List  of  Chemicals  Containing  the  6A  Descriptor 

NSC  377163  (Pyrazoloacridine) 

Oxymetazoline 

p-Phenylphenol 

Purpurogallin 

Scarlet  Red 

VioIaceol-1 

Viridicatumtoxin 


The  molecules  listed  above  were  selected  from  among  a  group  of  5,400  molecules 
representative  of  the  "universe  of  chemicals"  because  they  contain  the  6A  descriptor.  In  this 
analysis  no  consideration  was  given  to  the  possible  metabolism  of  these  or  the  other 
molecules  in  the  testing  set.  The  5,400  chemicals  tested  represent  a  random  selection  of 
chemicals  taken  to  reflect  the  "universe  of  chemicals"  (National  Academy  of  Sciences,  1984) 
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The  molecule  contains  the  Biophore  (number  of.  occurrences  =  1): 

biophore  A.  2D  fiagment:  [C  -]  <—  6.0A  — >  [OH  -]  conj  generic 

14  out  of  the  known  16  molecules  (87%)  containing  such  a  Biophore  are  Mouse  carcinogens  with  an 
average  activity  of  47  CASE  unit  (conf.level=100%). 

Constant  is  51.8 

The  following  Modulator  is  also  present: 

modulator  1:  OH  -  CH  -  Activating  34.2 

The  probability  that  this  molecule  is  a  Mouse  carcinogen  is  83.3%  - 

The  compound  is  predicted  to  be  EXTREMELY  active 
The  projected  Mouse  carcin  activity  is  86.0  CASE  units 


modulator  1 


Figure  1.  Prediction  of  the  carcinogenidty  in  mice  of  estradiol.  The  biophore  and  modulator  are  indicated. 
A  potency  of  86  CASE  units  indicates  a  TD^q  value  of  0.001  mmoles/kg/day. 
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The  molecule  contains  the  Biophore  (number  of.  occurrences  =  1); 

biophoreA:  2D  fragment:  [C -]  <~  6.0A ->  [OH -]  conj  generic 

14  out  of  the  known  16  molecules  (87%)  containing  such  Biophore  are  Mouse 
average  activity  of  47  CASE  units  (conf.level=100%). 


carcinogens  with  an 


Constant  is  51.8 


The  following  Modulator  is  also  present: 

modulator  1:  OH  -  CH  -  Activating  34.2 

The  molecule  also  contains  the  Biophore: 

biophore  B:  CH2-CH2-CH2-CH  - 

The  probability  that  this  molecule  is  a  Mouse  carcinogen  is  83.3% 
inaeased  to  89.8%  due  to  the  presence  of  the  extra  Biophore 

The  compound  is  predicted  to  be  EXTREMELY  active 
The  projected  Mouse  carcin  activity  is  86.0  CASE  units 


Figure  2.  Prediction  of  the  carcinogenicity  in  mice  of  the  antiestrogen  ICI  182,780.  The  two  structural 
escnptors  are  indicated.  A  potency  of  86  CASE  units  can  be  translated  into  a  TD50  of  0.001  mmoles/kg/day. 
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OH 


modulator  2  (+)  2,4-dimethy(phenol  2,4-dimethylphenol 


Figure  3.  Description  of  the  modulators  associated  with  the  6A  biophore.  (+)  and  (-)  next  to  the  modulator 
designation  indicates  an  activating  or  an  inactivating  modulator,  respectively. 
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Summary 

An  analysis  of  the  chemical  structure  of  tamoxifen,  toremifene  and  their  metabolites  indicates 
that  metabolism  to  a  DNA-reactive  hydroxylamine  intermediate  is  possible.  The  parent 
compounds  and  many  of  their  metabolites  are  predicted  to  be  rodent  carcinogens.  Moreover, 
many  of  these  metabolites  contain  a  6A  or  8.4A  distance  descriptor  biophore.  These 
geometric  descriptors  may  be  related  to  an  ability  of  these  chemicals  to  bind  to  an  estrogen 
receptor.  The  prediction  of  the  carcinogenicity  of  toremifene  is  not  in  accord  with  studies 
published  thus  far.  However,  the  reports  available^iave  not  excluded  this  possibility  since  the 
protocols  used  have  not  addressed  it  systematically. 

Introduction 

Estrogens  and  their  antagonists,  the  antiestrogens,  are  the  subjects  of  debate  regarding 
aspects  of  cancer  etiology  and  therapy  as  well  as  other  endocrine-related  health  effects.  The 
distinction  between  estrogen  and  antiestrogen  is  obscure.  Several  of  the  factors  that 
determine  the  estrogenicity  vs  antiestrogenicity  of  a  chemical  are  species-  and  tissue-specific 
(for  a  review  on  antiestrogens,  see  Lemer  and  Jordan,  1990). 

Antiestrogens,  such  as  tamoxifen  (i.e.,  antiestrogenic  in  human  breast  tissue),  are  pivotal  to 
chemotherapeutic  strategies  for  breast  cancer.  Newer  antiestrogens  are  being  introduced  into 
breast  cancer  chemotherapeutic  regimens  such  as  the  tamoxifen  congener  toremifene  and  the 
"pure"  antiestrogens  IC1 164384  and  IC1 182780.  Due  to  a  decreased  risk  of  developing 
contralateral  breast  cancer  in  patients  receiving  tamoxifen  (Early  Breast  Cancer  Trialists’ 
Collaborative  Group,  1992a,  b;  Fisher  etal.,  1989),  tamoxifen  is  presently  undergoing  trials  as 
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a  prophylactic  agent  against  breast  cancer  by  the  National  Surgical  Adjuvant  Breast  and  Bowel 
Project  (NSABP). 


While  antiestrogens  are  useful  in  the  treatment  and  possible  prevention  of  breast  cancer, 
recently  environmentally  estrogens  have  been  implicated  in  the  etiology  of  breast  cancer 
(Davis  et  al.,  1993).  Phenols  and  halogenated  hydrocarbons  represent  two  groups  of  organic 
chemicals  widely  used  as  solvents  and  Industrial  intermediates.  Human  exposures  to  these 
chemicals  can  occur  occupationally  or  environmentally.  The  toxicological  properties  of  these 
chemicals  include  estrogenic  and  antiestrogenic  activities  and,  accordingly,  they  may  be 
classified  as  "xenoestrogens".  Xenoestrogen  exposure  is  implicated  in  certain  reproductive 
anomalies  in  both  humans  and  wildlife  (Guillett  et  al.,  1994;  Santti  et  al.,  1994;  Sharpe  and 
Skakkebaek,  1993).  Moreover,  if  these  agents  act  through  a  receptor  that  also  recognizes 
physiological  and  therapeutic  estrogens  or  their  antagonists,  it  can  be  expected  that  they  will 
exhibit  at  least  an  additive  effect  with  respect  to  the  activities  of  the  former. 

The  purpose  of  the  present  investigation  was  to  gain  insight,  through  the  structure-activity 
relationships  (SAR),  of  the  carcinogenic  and  therapeutic  mechanisms  of  estrogens  and 
antiestrogens  with  emphasis  on  the  antiestrogens  tamoxifen  (TMX)  and  toremifene  (TRM) 
(Figure  1).  The  present  study  is  part  of  our  continuing  investigations  of  the  bases  of  action  of 
"non-genotoxic"  carcinogens  (Rosenkranz  and  Klopman,  1990a,  1993;  McCoy  etai,  1990; 
Lee  ef  a/.,  1995). 

TMX  and  TRM  are  relevant  to  human  carcinogenesis  due  to  their  similarities  with 
diethylstilbestrol  (reviewed  by  lARC,  1987;  Marselos  and  Tomatis,  1992).  TMX  has  been 
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implicated  in  the  induction  of  rare  endometrial  cancer  in  humans  (Cohen  et  al.,  1993; 
Fomander  et  al.,  1989;  Gal  et  al..  1991;  Gusberg,  1990).  In  experimental  animals  TMX 
induces  hepatocellular  carcinomas  and  hepatic  adenomas  (Hard  etal.,  1993a, b;  Hirsimaki  et 
al.,  1993;  Greaves,  et  al.,  1993;  Williams  et  al.,  1993).  It  has  been  suggested  that  TMX  acts 
as  a  "genotoxic"  carcinogen  due  to  its  ability  to  form  DNA  adducts  as  detected  by  the  ^^P- 
postiabeling  technique  (Hard  etal.,  1993a;  Han  and  Liehr,  1992,  Montandon  and  Williams, 
1994;  White  et  al.,  1992;  Phillips  et  al.,  1994)  and  the  induction  of  micronuclei  in  cultured  cells 
(Styles  et  al.,  1994;  White  et  al.,  1992).  These  findings  have  direct  relevance  to  human  risk, 
as  "genotoxic"  carcinogens  are  thought  to  present  a  greater  risk  than  "non-genotoxic"  ones 
(Ashby  and  Morrod,  1991).  In  fact,  the  vast  majority  of  recognized  human  carcinogens  are 
genotoxicants  (Ennever  ef  a/.,  1987;  Bartsch  and  Malaveille,  1989;  Shelby,  1988). 

The  mechanism  of  TMX  reactivity  with  DNA  has  not  been  elucidated.  Styles  et  al.  (1994)  have 
reported  that  TMX  may  be  metabolized  to  DNA-reactive  epoxides.  However,  a-hydroxylation 
of  the  ethyl  group  yielding  an  alkylating  metabolite  has  been  postulated  (Potter  etal.,  1994) 
and  experimental  evidence  has  been  presented  in  support  of  this  mechanism  (Phillips  et  al., 
1994;  Randerath  etal.,  1994a, b). 

TRM  is  also  endowed  with  estrogenic  and  antiestrogenic  properties  (Homesley  etal.,  1993; 
Stenbygaard  et  al.,  1993,  Valavaara  et  al.,  1988;  Vogel  et  al.,  1993).  Unlike  TMX,  TRM  is 
reported  to  be  ‘non-genotoxic’ (/.e.,  no  adducts  by  “P-postlabeling  technique)  (Montandon  and 
Williams,  1994)  and  to  be  non-carcinogenic  to  rodents  under  conditions  in  which  TMX  induces 
liver  tumors  in  rats  (Tucker  et  al.,  1984).  Thus  comparison  of  TMX  and  TRM  couid  permit  a 
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determination  of  the  mechanism  of  carcinogenicity  of  this  group  of  chemicals,  especially  with 
respect  to  the  possibility  that  their  estrogenicity  and  carcinogenicity  are  separate  phenomena. 


Methods 

CASE/MULTICASE  methodology 

The  CASE  (Klopman,  1984;  Klopman  and  Rosenkranz,  1984)  and  MULTICASE  (MC) 

(Klopman,  1992;  Klopman  and  Rosenkranz,  1994)  methodologies  has  been  described  on  a 
number  of  occasions.  Basically,  MC  selects  its  own  descriptors  automatically  from  a  learning 
set  composed  of  active  and  inactive  molecules.  The  descriptors  are  readily  recognizable 
single,  continuous  structural  fragments  that  are  embedded  in  the  complete  molecule.  The 
descriptors  consist  of  either  activating  (biophore)  or  inactivating  (biophobe)  fragments.  Each  of 
these  fragments  is  associated  with  a  confidence  level  and  a  probability  of  activity  that  is 
derived  from  the  distribution  of  these  biophores  and  biophobes  among  active  and  inactive 
molecules. 

Additionally,  MC  incorporates  the  following  rules  to  identify  two-dimensional  distance 
descriptors  based  upon  the  presence  of  lipophilic  centers.  These  two-dimensional  distances 
are  calculated  ftom  the  molecular  structure.  Heteroatoms  and  lipophilic  carbon  atoms  are 
designated  as  "special"  atoms.  A  carbon  atom  is  designated  as  a  lipophilic  center  if  it  is  at 
least  four  bonds  away  from  a  heteroatom  and  is  also  the  farthest  carbon  away  from  the 
heteroatom  when  its  neighbors  are  considered.  After  all  the  "special"  atoms  are  selected  the 
distances  between  all  possible  pairs  are  calculated.  The  distribution  of  these  descriptors 
among  active  and  inactive  molecules  is  analyzed  for  statistical  significance.  Various  atom 
groupings  are  also  investigated,  i.e.,  hydrogen  bond  acceptors  and  donors  as  well  as 
halogens. 
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Metabolites 


A  group  of  experimentally  identified  metabolites  of  TMX  and  TRM  was  assembled  from  the 
literature  (Figure  1).  In  conjunction  with  this,  the  expert  system  "META",  a  computer  based 
metabolism  program,  was  employed  (Klopman,  etai,  1994;  Talafous,  eta!.,  1994).  META 
contains  a  knowledge  set  of  655  enzyme-catalyzed  and  286  spontaneous  reactions  that 
include  most  of  the  phase  I  and  II  enzymes.  When  META  is  presented  with  the  structure  of  a 
parent  molecule  it  indicates  a  series  of  possible  metabolic  pathways  and  a  structural 
representation  of  the  metabolites.  ^ 

The  parent  compounds  were  “metabolized”  through  one  iteration  which  yielded  a  group  of 
metabolites.  Each  non-conjugated  metabolite,  was  again  "metabolized"  and  so  on  through 
four  iterations.  Overall,  132  TMX  and  182  TRM  non-conjugated  experimental  and  putative 
metabolites  were  assembled.  A  description  of  these  putative  metabolites  can  be  found 
elsewhere  (Cunningham  and  Rosenkranz,  1995). 

Databases 

TMX,  TRM  and  the  set  of  metabolites  were  analyzed  by  MC  using  carcinogenicity  and 
mutagenicity  databases.  The  rules  for  Inclusion  of  chemicals  in  the  databases  (/.e.,  learning 
sets)  have  been  described  previously  (Rosenkranz  and  Klopman,  1990a,  c). 

The  Salmonella  mutagenicity  database  (SMDB)  was  generated  under  the  aegis  of  the  U.S. 
NTP  (Ashby  and  Tennant,  1991;  Cater  ef  a/.,  1986;  Haworth  etal.,  1983, 1989;  Lawlor,  etal., 
1985;  Mortelmans  etal.,  1984, 1986;  Reid  etal.,  1984;  Zeiger,  1990;  Zeigerand  Haworth, 
1985;  Zeiger  et  a/.,  1985, 1987, 1988).  The  database  consisted  of  1354  chemicals.  A  SAR 
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analysis  of  a  subset  of  these  chemicals  has  been  reported  previously  (Rosenkranz  and 
Klopman,  1990b). 

The  rodent  carcinogenicity  database  (CDB)  was  generated  under  the  aegis  of  the  U.S.  NTP. 
For  the  purpose  of  the  present  analyses  we  used  the  summaries  of  the  bioassays  on  301 
chemicals  (Ashby  and  Tennant,  1991).  Due  to  the  ambiguous  nature  of  chemicals  classified 
as  "equivocal  carcinogens"  and  chemicals  removed  because  of  structural  limitations,  255 
chemicals  were  used  for  the  analysis.  The  six  levels  of  carcinogenicity  (A-F)  (Ashby  and 
Tennant,  1991)  have  been  converted  to  10-60  CASE  units,  respectively.  A  SAR  analysis  of  a 
subset  of  these  chemicals  has  been  reported  previously  (Rosenkranz  and  Klopman,  1990c). 

The  carcinogenic  potency  database  (CPDB)  was  assembled  by  Gold  etal.  (1984, 1986, 1987, 
1990, 1993).  Three  subsets  were  derived  from  this  compilation  (rodent,  mouse  and  rat).  In 
contrast  to  the  CDB,  this  compilation  is  based  primarily  on  published  reports.  Presumably 
these  were  not  subjected  to  the  same  rigorous  quality  assurance  and  peer  review  tiers  of  the 
NTP.  However  this  database  has  two  advantages  with  respect  to  the  present  study: 

a.  For  chemicals  Judged  to  be  carcinogenic,  TDso,  the  dose  required  for  50%  of  the 
animals  to  remain  cancer  free,  was  calculated  (Gold  etal.,  1984;  Peto  etal.,  1984). 

b.  The  number  of  chemicals  included  in  this  database  is  greater  than  that  included  in 
the  CDB.  This  results  in  an  increased  informational  content  of  the  database  as  well  as 
allowing  refinements  in  the  nature  of  the  structural  determinants. 
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For  each  database  all  dosages  reported  were  transformed  into  gavage  equivalents. 
Additionally,  the  TD50  value  in  mg/kg/day  was  converted  into  mmol/kg/day.  Using  the 
appropriate  equations  (see  beiow)  potencies  were  transformed  into  CASE  units  and  the 
chemicals  were  assigned  to  activity  groups. 

The  mouse  carcinogen  subset  of  the  CPDB  consisted  of  639  chemicals,  291  of  which  are 
active,  1 1  are  marginal  and  337  are  non-carcinogenic.  The  rat  carcinogen  subset  of  the  CPDB 
consisted  of  744  chemicais,  380  of  which  are  active,  15  are  marginal  and  349  are  non- 
carcinogenic. 

The  rodent  carcinogen  subset  of  the  rodent  CPDB  consisted  of  437  chemicals,  265  of  which 
are  active,  8  are  marginaliy  active  and  164  are  inactive.  To  be  included  in  this  database 
chemicals  had  to  be  tested  both  in  the  rat  and  the  mouse.  If  the  chemical  was  determined  to 
be  carcinogenic  in  both  rats  and  mice  the  vaiue  for  the  more  sensitive  species,  /.e.,  the  lower 
TDso  value,  was  used. 

For  the  purpose  of  the  SAP  analyses  TD50  values  in  mmol/kg/day  were  transformed  into  CASE 
units  using  the  following  relationships: 

CASE  unit  =  14.1329  ‘  (log  1  /  TD50)  +  44.1329  (mouse  CPDB) 

CASE  unit  =  20. 1 24  *  (iog  1  /  TD50)  +  44.066  (rat  CPDB) 

CASE  unit  =  18.3279  *  (log  1  /  TD50)  +  46.5517  (rodent  CPDB) 
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Chemicals  in  the  range  of  10  to  19  CASE  units  are  inactive  or  exhibited  negligible 
carcinogenicity.  Chemicals  with  activities  in  the  range  of  20  to  29  CASE  units  are  marginally 
active  and  chemicals  in  the  range  of  30  to  99  CASE  units  are  carcinogenic. 

Results 

MC  analysis  using  the  SMDB  indicates  that  TMX  and  TRM  have  a  potential  for  mutagenicity. 
MC  identified  the  moiety  -CH2-CI  present  in  TRM  and  many  of  its  metabolites  as  an  indication 
that  TRM  may  be  mutagenic  (Table  1).  Examination  of  the  configuration  of  the  -CH2-CI 
fragment  among  the  37  mutagenic  chemicals  containing  it  indicates  that  their  configurations 
are  greatly  different  from  that  of  TRM.  The  mutagens  that  possess  -CHrCI  are  primarily 
haloalkanes,  esterfied  phosphates  or  nitrogen  mustards,  and  act  through  a  DNA  alkylating 
mechanism.  Additionally,  the  -CH2-CI  moiety  may  not  be  always  related  to  the  mutagenicity  of 
chemicals  that  contain  it.  The  mutagenicity  of  these  chemicals  may  be  derived  from  other 
functionalities  present  in  the  molecule,  e.g.,  nitro  functionalities,  as  in  nitrobenzyl  chloride  and 
epoxy  functionalities,  as  in  1 ,2-epoxy-3-chloropropane.  In  fact,  the  chemical  in  the  database 
that  most  resembles  the  configuration  of  the  -CH2-CI  moiety  of  TRM  is  the  non-mutagenic 
tetrachlorodiphenylethane.  (For  a  list  of  the  chemicals  containing  the  -CH2-CI  moiety,  see 
Cunningham  and  Rosenkranz  (1995)). 

MC  identified  a  hydroxylamine  moiety,  OH-NH-  (Table  1).  This  biophore  is  present  in  several 
of  the  META  derived  metabolites  from  both  TMX  and  TRM.  Considering  the  presence  of  this 
fragment,  MC  predicted  that  these  metabolites  may  be  mutagenic.  Aliphatic  hydroxylamines 
are  known  mutagens  capable  of  reaction  with  deoxycytidine  (Freese,  1963)  while 


9 


arylhydroxylamines  form  adducts  with  the  0-6  (Kadlubar  et  ai,  1978)  or  C-8  (Beland  et  al., 
1983)  of  deoxyguanosine.  Several  metabolic  pathways  were  identified  by  META  which 
produce  hydroxylamine  metabolites.  Details  of  the  metabolic  transformations  can  be  found  in 
Cunningham  and  Rosenkranz  (1995).  The  putative  metabolites  that  contain  this  biophore  are 
related  to  desmethyl  TMX  and  desmethyl  TRM  (Figure  1).  They  can  be  considered  aliphatic 
hydroxylamine  analogs.  It  is  noteworthy  that  a  recent  report  of  TMX-induced  DNA  adducts  has 
identified  deoxyguanosine  as  the  primary  target  (Martin  et  al.,  1995). 

Our  analyses  indicate  a  pathway  for  the  generation  of  potential  DNA  reactive  metabolites  for 
TMX  and  TRM.  Whether  these  explain  the  adducts  detected  by  the  ^^P-postlabeling  technique 
is  problematic,  only  TMX  and  not  TRM  are  reported  to  give  rise  to  such  adducts.  Moreover,  in 
the  case  of  DES  treatment  that  yield  adducts,  it  has  been  shown  that  they  reflect  endogenous 
chemicals  which  may  result  from  hormonal  stress  (Liehr  et  al.,  1986). 

MC  analysis  of  TMX,  TRM  and  their  metabolites  identified  a  series  of  structural  features 
indicative  of  potential  carcinogenicity  in  both  the  CDB  and  the  rodent  CPDB  (Table  1).  The 
parent  compounds,  as  well  as  many  of  the  metabolites,  posses  the  biophore  CH=C-C=C- 
identified  by  the  CDB  and  the  closely  related  biophore,  CH=CH-C=C-C=  identified  by  the 
rodent  CPDB  (see  Table  1).  Analyses  based  on  the  CDB  identified  in  some  metabolites  the 
biophores  C=CH-C=C  and  CH-CH-C(-0)=C-CH=.  Lastly,  the  rodent  CPDB-based  analyses 
indicated  the  -CH2-CI  moiety  of  TRM  is  predictive  of  carcinogenicity.  However,  the  -CH2-CI 
moiety  can  be  dismissed  as  related  to  carcinogenicity  for  the  same  reasons  it  was  eliminated 
as  a  descriptor  for  mutagenicity  in  Salmonella. 
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The  projected  potency  of  TMX  and  TRM  based  on  the  rodent  CPDB  is  48  and  46  CASE  units, 
respectively.  These  values  translate  into  TDso  values  of  0.8  and  1.1  mmol/kg/day,  which  is  in 
the  same  range  as  aflatoxin  B1  and  N,N-dimethylaniline.  The  projected  potency  based  upon 
the  CDB  of  TMX  and  TRM  is  49  and  51  CASE  units  respectively.  These  values  suggest  that 
the  parent  molecules,  TMX  and  TRM,  are  carcinogenic  to  a  single  species  but  at  multiple  sites. 
Additionally,  based  upon  rodent  CPDB,  the  range  of  predicted  potencies  of  the  metabolites  is 
greater  than  for  the  parent  molecule  (T able  1).  The  range  of  potencies  in  the  CDB  respectively 
for  TMX  and  TRM  metabolites  was  41-57  and  42-57  CASE  units.  These  values  are  derived 
from  two  separate  biophores.  This  suggests  (see  Cunningham  and  Rosenkranz,  1991)  that 
some  of  the  metabolites  may  have  the  potential  to  be  carcinogenic  in  male  and  female  rats 
and  mice  at  multiple  sites.  Moreover,  both  the  increased  potencies  and  extended  carcinogenic 
range  suggests  that  the  predicted  carcinogenicity  of  TMX  and  TRM  is  due  to  their  metabolites. 

It  should  be  noted  that  these  predictions  are  not  completely  in  accord  with  published  reports 
that  indicate  that  TMX  but  not  TRM  is  a  rat  carcinogen.  However,  TMX  is  a  suspected  human 
carcinogen  based  on  its  ability  to  cause  cancer  in  several  animal  species.  We  could  not  find 
published  reports  of  TMX  and  TRM  cancer  bioassays  using  an  NTP-type  protocol  in  which 
carcinogenidty  to  multiple  species  of  both  genders  and  examination  of  all  tissues  was 
included.  Hence  our  predictions  of  the  carcinogenicity  of  TRM  remain  to  be  verified 

MC  analysis  of  TMX  and  TRM  in  the  mouse  and  rat  CPDB  found  no  evidence  to  predict  that 
the  parent  molecules  are  carcinogenic.  However,  identified  as  well  as  putative  metabolites  of 
TMX  and  TRM  possess  biophores  indicative  of  a  potential  for  carcinogenicity  (Table  1).  Two  of 
these  are  distance  descriptors  of  6.0A  and  8.4A  between  a  lipophilic  carbon  and  a  hydroxyl 
moiety  associated  with  the  mouse  CPDB  and  the  rat  CPDB  respectively.  The  structural 
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fragment  =C  (-0CH3)-CH=C=C 

present  in  one  TMX  metabolite  is  a  carcinogenic  biophore  based  upon  the  rat  CPDB. 

The  putative  metabolites  of  TMX  and  TRM  predicted  to  be  carcinogenic  are  so  by  virtue  of  two- 
dimensional  distance  descriptors.  The  possible  significance  of  these  distance  descriptors  may 
be  related  to  the  physical  requirements  of  a  ligand  binding  site  on  estrogen  receptors.  Further 
investigations  are  currently  underway  to  better  understand  these  descriptors  since  receptor- 
based  mechanisms  are  thought  to  be  important  in  die  etiology  of  estrogen-induced  cancer. 

The  projected  potency  of  metabolites  that  contain  the  6.0A  descriptor  in  the  mouse  CPDB  is 
52  CASE  units  for  both  TMX  and  TRM  metabolites.  This  value  translates  into  a  TDso  value  of 
0.28  mmol/kg/day.  The  projected  potency  of  metabolites  that  contain  the  8.4A  descriptor  in 
the  rat  CPDB  is  85  CASE  units  for  both  TMX  and  TRM  metabolites  that  translates  into 
approximately  0.01  mmol/kg/day. 

Discussion 

While  TMX,  TRM  and  the  majority  of  their  metabolites  are  predicted  to  be  non-mutagenic  in 
Salmonella,  the  possibility  exists  that  metabolism  of  the  putative  desmethyl  intermediates  may 
yield  hydroxylamines  capable  of  modifying  the  deoxycytidine  and  deoxyguanosine  moieties  in 
DNA.  Thus  TMX  and  TRM  are  potentially  genotoxic.  This  is  supported  by  the  finding  that  the 
major  DNA-adduct  in  TMX-treated  rats  involves  deoxyguanosine  (Martin  et  ai,  1995). 
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In  the  two  rodent  databases  TMX,  TRM  and  their  metabolites  are  predicted  to  be  carcinogenic 
with  an  indication  that  metabolism  is  required  to  achieve  the  full  carcinogenic  potential,  i.e., 
metabolites  of  both  have  higher  projected  potencies  and  broader  spectra  of  activity  than  the 
parent  compounds. 

Both  TMX  and  TRM  gain  carcinogenic  attributes  associated  with  the  mouse  and  rat  CPDB. 
These  observations  suggest  that  metabolism  is  likely  an  important  step  in  the  carcinogenic 
potentiation  of  these  two  chemicals.  In  fact,  4-hydroxy-TMX  has  a  higher  binding  affinity  with 
the  estrogen  receptor  than  does  TMX  (reviewed  by  Lemer  and  Jordan  1990).  For  both  the  rat 
and  mouse  CPDB,  hydroxylation  at  the  para  position  is  a  requirement  for  the  predicted 
carcinogenicity. 

Although  we  found  evidence  that  TMX  has  the  potential  for  metabolism  to  a  mutagenic 
hydroxylamine  the  preponderance  of  evidence  from  this  investigation  suggests  that  both  TMX 
and  TRM  both  may  be  carcinogenic  by  an  alternate  mechanism.  p-Hydroxy  metabolites  of 
both  TMX  and  TRM  are  predicted  to  be  carcinogenic  in  the  rat  and  mouse  CPDB.  In  both 
instances  this  is  due  to  distance  descriptors.  These  biophores  may  be  indicative  of  a  receptor- 
based  mechanism  of  estrogen-induced  carcinogenesis. 

Our  present  analyses  suggest  that  TRM  is  a  rodent  carcinogen.  This  is  not  in  accord  with 
results  reported  heretofore.  It  should  be  noted,  however,  that  the  carcinogenicity  of  this 
antiestrogen  has  not  been  investigated  systematically  to  rule  out  this  possibility. 
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Figure  1.  Chemical  structures  of  tamoxifen,  toremifene  and  some  metabolites,  ^Berthou  and  Dreano,  1993;  Robinson  and  Jordan, 
1988;  ^Robinson  ef  a/.,  1991;  ^Ruenitz  and  Nanavati,  1990;  ®Potter  ef  a/.,  1994. 
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Table  1.  Summary  of  biophores  used  In  predictions  associated  with  carcinogenicity  of  tamoxifen  and  toremifene. 
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SUMMARY 


An  analysis  of  the  structure  of  diethylstilbestrol  (DES)  indicates  that  neither  DES  nor  any 
of  its  metabolites  are  potential  mutagens.  Moreover,  the  present  analyses  suggest  (a)  that  the 
observed  carcinogenic  spectrum  of  DES  reflects  the  activity  of  metabolic  intermediates  and  (b) 
that  the  carcinogenicity  of  DES  in  mice  is  due  to  the  presence  of  a  sA  geometric  descriptor  that 
appear  to  be  related  to  an  estrogen  receptor. 


INTRODUCTION 

Diethylstilbestrol  (DES)  is  a  recognized  rodent  as  well  as  human  cancer-causing  agent 
(reviewed  by  lARC,  1987a:  Marselos  and  Tomatis,  1992)  the  mechanism  of  action  of  which 
remains  the  subject  of  some  controversy.  Although  DES  has  been  reported  to  induce  a  number 
of  cytogenetic  effects  (lARC,  1987b),  its  lack  of  "structural  alerts"  for  DNA-reactivity  and  its  lack 
of  mutagenicity  in  Salmonella  as  well  as  its  low  electronegativity  have  been  taken  as  evidence 
that  it  is  a  "non-genotoxic"  carcinogen  (Ashby  and  Paton,  1993;  Ashby  and  Tennant,  1991). 
Additionally,  a  weight  of  evidence  analysis  of  the  results  of  short-term  tests  has  also  concluded 
that  DES  is  "non-genotoxic"  (Rosenkranz  et  a!.,  1 986).  On  the  other  hand,  the  recent  report  that 
exposure  of  Syrian  hamsters  to  DES  results  in  the  formation  of  DNA  "adducts"  detectable  by  the 

op 

P-postlabeling  technique,  suggests  either  that  these  DNA  adducts  are  "l-compounds"  (i.e. 
endogenous  adducts)  resulting  from  DES-induced  hormonal  stress  (Liehr  et  al.,  1 986)  or  that 
indeed  DES  or  one  of  its  metabolites  acts  by  a  "genotoxic"  mechanism  (see  Bhat  et  al.,  1 994). 
It  is  to  be  noted,  however,  that  using  similar  procedures,  Montandon  and  Williams  (1 994)  did  not 
find  evidence  for  DES-induced  adducts  in  either  treated  rats  or  Syrian  hamsters.  An 
understanding  of  whether  DES  causes  cancer  as  a  result  of  a  genotoxic  or  a  non-genotoxic 
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mechanism  relates  to  the  extent  of  the  risk  to  humans  of  exposure  to  DES  as  well  as  to  other 
estrogens,  including  xenoestrogens. 

Thus,  if  DES  is  genotoxic,  it  could,  for  example,  "initiate"  cancer  in  young  women,  and 
subsequent  environmental,  occupational  and/or  lifestyle  factors  might  act  as  promoters.  On  the 
other  hand,  as  a  non-genotoxicant,  DES  could  act  as  a  “promoter"  of  previously  "initiated" 
women.  The  second  scenario  is  considered  to  present  less  risk  to  exposed  women  than  the 
former. 

In  order  to  elucidate  these  different  possibilities,  we  undertook  a  study  of  the  potential 
basis  of  the  carcinogenicity  of  DES  and  its  metabolites  based  upon  structural  features  recognized 
as  associated  with  mutagenicity  in  Salmonella  and  carcinogenicity  in  rodents. 


MATERIALS  AND  METHODS 

Expert  System:  CASE/MULTICASE 

The  CASE  methodology  has  been  described  on  a  number  of  occasions  (Klopman,  1984; 
Klopman  and  Rosenkranz,  1 984).  For  the  present  investigation  we  used  the  recently  developed 
MULTICASE  (MC)  program  (Klopman,  1992;  Klopman  and  Rosenkranz,  1994).  Basically  MC 
selects  its  own  descriptors  automatically  from  a  learning  set  composed  of  active  and  inactive 
molecules.  The  descriptors  are  readily  recognizable  single,  continuous  structural  fragments  that 
are  embedded  in  the  complete  molecule.  The  descriptors  consist  of  either  activating  (biophore) 
or  inactivating  (biophobe)  fragments. "  Each  of  these  fragments  is  associated  with  a  confidence 
level  and  a  probability  of  activity  which  is  derived  from  the  distribution  of  these  biophores  and 
biophobes  among  active  and  inactive  molecules. 
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Upon  completion  of  the  fragment  analyses,  MC  selects  the  most  important  of  these 
fragments  as  a  biophore,  i.e.  the  functionality  that  is  responsible  for  the  experimentally  observed 
activity  of  the  molecules  that  contain  it,  MC  then  selects  the  molecules  containing  this  biophore 
for  use  as  a  learning  set  to  identify  the  chemical  properties  (i.e.  structural  fragments)  or  physical 
chemical  properties  (e.g.  log  P,  water  solubility,  quantum  mechanical  parameter  such  as  HOMO 
and  LUMO,  etc.)  that  modulate  the  activity  of  the  initially  identified  biophore.  This  process 
generates  a  OSAR  equation  for  this  subset  of  molecules.  If  the  data  set  is  congeneric,  then  the 
single  biophore  and  associated  modulators  may^xplain  the  activity  of  the  entire  training  set; 
however,  this  will  usually  not  occur  and  there  will  be  a  residue  of  molecules  that  are  not 
explained  by  the  single  biophore  and  modulators.  When  this  happens,  the  program  will  remove 
from  consideration  the  molecules  already  explained  by  the  previous  biophore  and  will  search  for 
the  next  biophore  and  associated  modulators.  The  process  continued  until  the  activity  of  all  the 
molecules  of  the  learning  set  have  been  explained. 

The  list  of  biophores  identified  by  MC  is  then  used  to  predict  the  activity  of  yet  untested 
molecules.  Thus,  upon  submission  for  evaluation,  MC  will  determine  whether  or  not  an  unknown 
molecule  contains  an  identifiable  biophore.  In  its  absence,  the  molecule  will  be  predicted  to  be 
inactive  unless  it  contains  a  group  that  resembles  chemically  one  of  the  biophores,  in  which  case 
it  will  be  flagged.  When  the  molecule  contains  a  biophore,  the  presence  of  modulators  for  that 
biophore  will  be  investigated.  MC  will  then  make  qualitative  as  well  as  quantitative  predictions 
of  the  activity  of  the  unknown  molecule. 

Obviously,  while  biophores  are  the  determining  structures,  the  modulators  may  determine 
whether  and  to  what  extent  the  biological  potential  of  the  chemical  is  expressed. 
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Additionally,  MC  incorporates  selection  rules  to  identify  two-dimensional  distance 
descriptors  based  upon  the  presence  of  lipophilic  centers.  Initially,  heteroatoms  and  lipophilic 
carbon  atoms  are  designated  as  "special"  atoms.  A  carbon  atom  is  designated  as  a  lipophilic 
center  if  it  is  at  least  four  bonds  away  from  a  heteroatom  and  it  is  also  the  furthest  carbon  away 
from  the  heteroatom  when  its  neighbors  are  considered.  After  all  the  "special"  atoms  are 
identified  the  distances  between  all  possible  pairs  is  calculated.  The  distribution  of  these 
descriptors  among  active  and  inactive  molecules  is  analyzed  for  statistical  significance.  Various 
atom  groupings  are  also  investigated,  i.e.,  hydrogen  bond  acceptors  and  donors  as  well  as 
halogens. 

Expert  System:  META 

The  expert  system  "META”,  a  computer  based  metabolism  program,  was  employed  to 
generate  putative  metabolites  of  DES.  The  META  program  has  been  recently  described  in  detail 
(Klopman  et  al.,  1994;  Talafous  et  al.,  1994).  META  contains  a  knowledge  set  of  665  enzyme- 
catalyzed  reaction  rules  including  most  of  the  phase  I  and  II  enzyme  reactions  and  286 
spontaneous  reactions.  When  presented  with  the  structure  of  a  parent  molecule,  META 
describes  a  series  of  metabolic  pathways. 

For  this  investigation  DES  was  “metabolized”  by  META  through  what  can  be  visualized 
as  four  branches,  i.e.,  DES  was  metabolized  through  one  iteration  which  yielded  four  metabolites; 
two  of  the  metabolites  were  unconjugated  to  sulfonic  or  glucuronic  acids  and  were  metabolized 
for  four  additional  metabolic  iterations. 
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DATABASES 


Salmonella  mutagenicity  database 

The  National  Toxicology  Program  (NTP)  SMDB  was  generated  under  the  aegis  of  the  of 
the  U.S.  NTP  (Ashby  and  Tennant,  1991;  Cater  etal.,  1986;  Haworth  etal.,  1983, 1989;  Lawlor 
ef  a/.,  1985;  Mortelmans  etal.,  1984, 1986;  Zeiger,  1987, 1990;  Zeiger  and  Haworth,  1985;  Zeiger 
et  al.,  1 985, 1 987, 1 988).  The  data  base  consists  of  1 354  chemicals  of  which  482  are  mutagens, 
26  are  marginal  mutagens  and  846  are  non-mutagens. 

Rodent  carcinogenicity  database 

The  rodent  carcinogenicity  data  base  was  also  generated  under  the  aegis  of  the  U.S.  NTP 
(summarized  in  Ashby  and  Tennant,  1991).  In  that  database,  chemicals  of  known  purity  were 
tested  under  coded  conditions  in  a  standardized  two  year  bioassay.  Chemicals  were  tested  at 
the  maximum  tolerated  dose  (MTD)  in  addition  to  lower  doses.  After  serial  sacrifices  or  at  the 
termination  of  the  bioassays,  complete  gross  and  microscopic  analyses  of  the  rodent  tissues 
were  performed.  The  interpretation  of  the  results  were  reviewed  by  an  external  panel  of  experts. 

For  the  purpose  of  the  present  analyses  we  used  the  summaries  of  the  bioassays  on  301 
chemicals  (Ashby  and  Tennant,  1991).  Due  to  previously  described  limitations  (Rosenkranz  and 
Klopman,  1990),  only  287  chemicals  were  suitable  for  analysis  by  MC.  Subsequently,  due  to  the 
ambiguous  nature  of  chemicals  classified  as  equivocal  carcinogens,  these  were  also  removed 
from  the  database.  This  left  a  total  of  255  chemicals  for  analysis. 

The  chemicals  that  were  subjected  to  analyses  were  assigned  potency  values  in  CASE 
units.  These  values  are  not  related  to  the  dose  needed  to  induce  cancer,  i.e.,  in  contrast  to  the 
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TDgQ  values  (see  below).  Rather  they  reflect  the  carcinogenic  spectrum,  i.e.,  from  trans-species 
carcinogens  to  carcinogens  active  in  only  a  single  tissue  of  a  single  sex  of  a  single  species.  The 
classification  and  CASE  unit  designations  are  as  follows: 

A:  Agents  carcinogenic  to  rats  and  mice  at  one  or  more  sites. 

-  Assigned  60  CASE  units. 

B:  Agents  carcinogenic  only  to  the  rat  or  mouse  at  two  or  more  sites. 

-  Assigned  50  CASE  units. 

C:  Agents  carcinogenic  only  to  the  rat  or  mouse  at  a  single  site  in  both  sexes 

-  Assigned  40  CASE  units. 

D:  Agents  carcinogenic  at  only  a  single  site  in  a  single  sex  of  a  single  species. 

-  Assigned  30  CASE  units. 

E:  Agents  adequately  tested  for  which  equivocal  evidence  of  carcinogenicity  was 
obtained. 

-  Assigned  20  CASE  units;  deleted  from  database. 

NC:  Agents  adequately  tested  and  concluded  to  be  non-carcinogenic 

-  Assigned  1 0  CASE  units. 

Carcinogenic  Potency  Database 

The  carcinogenic  potency  database  was  assembled  by  Gold  et  al.  (1 984,  1 986,  1 987, 
1990, 1993).  Two  subsets  were  derived  from  this  compilation  (rodent  and  mouse).  In  contrast 
to  the  NTP  rodent  carcinogenicity  data  base,  this  compilation  is  based  primariiy  on  published 
reports.  Presumably  these  were  not  subjected  to  the  rigorous  quality  assurance  and  peer  review 
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process  of  the  NTP.  However  this  database  has  two  advantages  with  respect  to  the  present 
study: 

a.  For  chemicals  judged  to  be  carcinogenic,  the  dose  required  for  50%  of  the  animals 
to  remain  cancer  free  is  calculated  (TDgQ,  which  accounts  for  spontaneous  cancer) 
(Gold  etal.,  1984;  Peto  etal.,  1984).  This  provides  a  more  characteristic  measure  of 
potency,  i.e.,  the  amount  of  chemical  needed  to  induce  cancer  in  a  species. 

b.  The  number  of  chemicals  included  in  this  database  is  greater  than  that  included  in 
the  NTP  data  base.  This  results  in  an  increased  informational  content  of  the  database 
(Rosenkranz  and  Klopman,  1991;  Takehi  et  al.,  1993)  resulting  in  substantial 
refinements  in  the  nature  of  the  structural  determinants. 

For  each  database,  all  reported  dosages  were  transformed  into  gavage  equivalents. 
Additionally,  the  TDgQ  value  in  mg/kg/day  were  converted  into  mmol/kg/day.  Using  the  proper 
equations  (below)  chemicals  were  assigned  to  activity  groups.  Chemicals  in  the  range  of  1 0  to 
1 9  CASE  units  are  inactive  or  exhibited  negligible  activity.  Chemicals  with  activities  in  the  range 
of  20  to  29  CASE  units  are  marginally  active  and  chemicals  in  the  range  of  30  to  99  CASE  units 
are  carcinogenic. 

The  rodent  and  mouse  carcinogenic  potency  databases  relevant  to  each  MC  analysis  are 
discussed  below  in  greater  detail. 

(a)  Rodent  carcinogenic  potency  database 

The  rodent  CPDB  consists  of  437  chemicals,  265  of  which  are  active,  8  are  marginally 
active  and  1 64  are  inactive.  To  be  included  in  this  database,  a  chemical  had  to  have  been  tested 
in  both  rats  and  mice.  To  designate  potencies  in  CASE  units,  the  chemicals  reported  by  the 


7 


authors  to  be  non-carcinogenic  in  rodents  were  assigned  10  CASE  units.  In  addition,  those 
chemicals  with  a  TDqq  value  in  excess  of  28  mmol/kg/day  were  added  to  this  category.  If  the 
chemical  was  found  to  be  carcinogenic  in  both  rats  and  mice  the  value  for  the  more  sensitive 
species,  i.e.,  the  lower  TDqq  value,  was  used. 

For  the  purpose  of  the  SAR  analyses,  TDgg  values  (i.e.  potencies)  in  mmol/kg/day  were 
transformed  into  CASE  units  using  the  following  relationship: 

CASE  units  =  18.3279  *  log  1  /  TDgQ  +  46.5517  (Equation  1) 

Using  Equation  1 ,  chemicals  in  the  range  of  10  to  19  CASE  units  are  inactive  or  exhibit  negligible 
activity.  Chemicals  with  activities  in  the  range  of  20  to  29  CASE  units  are  marginally  active  and 
chemicals  in  the  range  of  30  to  99  CASE  units  are  carcinogenic. 

(b)  Mouse  carcinogenic  potency  database 

The  mouse  CPDB  consists  of  639  chemicals,  291  of  which  are  active,  1 1  are  marginal  and 
337  are  non-carcinogenic.  Chemicals  reported  by  the  authors  to  be  non-carcinogenic  in  mice 
were  assigned  10  CASE  units  along  with  chemical  with  TDqq  value  in  excess  of  51  rnmol/kg/day. 

For  the  purpose  of  the  SAR  analyses  TDgQ  values  (i.e.  potencies)  in  mmol/kg/day  were 
transformed  into  CASE  activity  units  using  the  following  relationshipp: 

CASE  activity  =  14.1329  *  log  1  /TDqq  +  44.1329  (Equation  2) 
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Using  Equation  2,  chemicals  in  the  range  of  10  to  19  CASE  units  are  inactive  or  exhibit  negligible 
activity.  Chemicals  with  activities  in  the  range  of  20  to  29  CASE  units  are  marginally  active  and 
chemicals  in  the  range  of  30  to  99  CASE  units  are  carcinogenic. 

RESULTS  AND  DISCUSSION 

Fifteen  metabolites  of  DES  were  identified  from  pubiished  reports  and  another  126 
putative  metabolites  were  generated  by  the  expert  program  METAV  Based  upon  the  Salmonella 
mutagenicity  database,  neither  DES  nor  any  of  its  known  or  putative  metabolites  were  predicted 
to  be  mutagens  (Cunningham  and  Rosenkranz,  1994).  Thus,  DES  metabolism  presumably  does 
not  result  in  DNA-reactive  intermediates,  suggesting  that  DES  is  non-genotoxic.  It  should  be 
noted,  however,  that  a  similar  study  of  the  metabolites  of  tamoxifen  led  to  the  identification  of 
putative  metabolites  that  are  mutagenic  (Cunningham  and  Rosenkranz,  1 995). 

Examination  of  the  parent  molecule,  DES,  in  a  variety  of  carcinogenicity  data  bases  led 
to  the  prediction  that  DES  is  a  rodent  carcinogen.  Thus,  based  upon  the  NTP  Rodent 
Carcinogenicity  Data  Base,  DES  is  predicted  to  be  carcinogenic  (Figure  1)  by  virtue  of  the 
presence  of  biophore  A  which  originates  from  five  carcinogenic  molecules  present  in  the  data 
base  (p  =  0.03).  The  predicted  "potency"  (41  CASE  units),  indicates  (see  above)  that  the 
chemical  has  a  potential  for  being  carcinogenic  to  single  species  at  multiple  sites  in  both  sexes. 

Based  upon  CPDB,  DES  is  also  predicted  to  be  a  rodent  carcinogen.  This  prediction  is 
based  upon  biophore  B  (Figure  2)  which,  in  fact,  is  an  elaboration  of  biophore  A  derived  from 
the  NTP  data  base.  Biophore  B  is  present  in  1 3  molecules,  1 1  of  which  are  carcinogens  (p  = 

^  The  details  of  the  META  analysis  and  a  list  of  the  metabolites  are  available  to  readers  from 
Cunningham  and  Rosenkranz  (1994). 
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0.01).  The  projected  activity  of  97  CASE  units  for  biophore  B  is  equal  to  a  TDqq  value  of  0.57 
mmoles/kg/day. 

The  CPDB  analysis  also  revealed  that  the  majority  of  DES  metabolites  are  predicted  to 
be  carcinogenic  by  virtue  of  the  presence  of  biophore  B,  and  moreover,  the  projected  TDgg 
values  remain  in  the  same  range  as  that  calculated  for  DES  (Figure  2). 

Similarly,  based  upon  the  NTP  data  base,  the  majority  of  the  DES  metabolites  are 
predicted  to  be  carcinogenic.  However,  a  number  of  metabolites  were  projected  to  have 
increased  "potencies"  (as  expressed  in  the  projected  CASE  units)  which,  in  the  instance  of  the 
NTP  data  base,  suggests  a  broadened  carcinogenic  spectrum.  Thus,  the  known  metabolite  3’3"- 
dimethoxy-E-diethylstilbestrol  (Figure  3)  and  the  META  generated  putative  metabolite  S23  (Figure 
4)  are  projected  to  have  potencies  of  57  CASE  units,  thereby  indicating  a  potential  for  Inducing 
cancers  in  mice  and  rats  at  multiple  sites  (see  above).  Indeed,  this  is  the  characteristic 
carcinogenic  spectrum  of  DES  (lARC,  1987a).  These  results  indicate  that  the  trans-species 
carcinogenic  activity  associated  with  DES,  may,  in  fact,  be  derived  from  some  of  its  metabolites. 

Analysis  of  DES  and  its  metabolites  using  the  mouse  CPDB  resulted  in  the  prediction  that 
DES  is  carcinogenic  by  virtue  of  the  presence  of  a  geometric  descriptor  of  6.0  A  (Figure  5).  The 
6.0  A  geometric  descriptor  has  also  been  associated  with  estrogenicity  and  antl-estrogenicity 
(unpublished  results).  This  biophore  could  possibly  represent  a  ligand  for  an  estrogen  binding 
site.  Most  of  the  metabolites  of  DES  retain  this  descriptor  (Cunningham  and  Rosenkranz,  1 994). 

The  present  study  suggests  that  neither  DES  nor  any  of  the  metabolites  are 
"genotoxicants"  as  judged  by  their  potential  to  induce  mutagenicity  in  Salmonella.  Moreover,  it 
should  be  noted  that  one  of  the  putative  DES  metabolites,  i.e.  DES-2, 3,-oxide  is  predicted  by 
CASE  to  be  non-mutagenic  despite  the  presence  of  the  epoxide,  a  putative  "structural  alert"  for 
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DNA-reactivity  (Ashby  and  Tennant,  1991).  In  fact,  this  lack  of  mutagenicity  has  been  confirmed 
experimentally  (Glatt  et  al.,  1979).  The  present  study  reinforces  the  notion  that  DES  is 
carcinogenic  by  virtue  of  a  non-genotoxic  mechanism. 

Based  upon  the  SAR  model  described  herein,  we  have  demonstrated  that  many  estrogens 
and  anti-estrogens  contain  the  6.0  A  geometric  descriptors  found  in  DES  (unpublished  results). 
Thus,  it  could  well  be  that  this  biophore  identifies  the  structural  basis  of  the  carcinogenicity  of 
DES  and  of  other  chemicals  which  contain  it  (e.g.  ethynylestradiol)  thus  providing  direct  structural 
evidence  that  the  carcinogenicity  exhibited  by  these  non-genotoxic  agents  derives  from  their 
estrogenicity.  The  present  study  also  establishes  that  the  observed  carcinogenic  spectrum  of 
DES  is  probably  a  reflection  of  the  activity  of  its  metabolites  as  evidenced  by  the  fact  that,  while 
the  parent  molecule  is  predicted  to  have  a  narrow  spectrum  of  carcinogenic  activities,  its 
metabolites  are  predicted  to  have  a  much  broader  activity.  This,  in  fact,  reflects  the  results  of 
animal  bioassays  (lARC,  1987a). 
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Diethylstilbestrol 

The  molecule  contains  the  biophore  (number  of  occurrences  =  4): 


Biophore  A:  CH  =  C 

\ 

C  =  C 

5  out  of  the  known  5  molecules  (100%)  containing  such  biophore  are  carcinogens  with  an 
average  activity  of  50.  (conf.level=97%) 


Constant  is  38.7 

The  following  modulator  is  also  present: 

Water  solubility  =  -1.22;  WS  contribution  is  2.8 

The  probability  that  this  molecule  is  a  NTP  Rodent  Carciribgen  is  85.7% 

The  compound  is  predicted  to  be  very  active 

The  projected  carcinogenic  spectrum  is  41  CASE  units 


Figure  1.  MultiCASE  predictions  of  the  carcinogenicity  of  DES  based  upon  the  National  Toxicology 
Program  Rodent  Carcinogenicity  Database.  The  biophore  (A)  associated  with  rodent  carcinogenicity  is 
shown  in  bold.  It  is  derived  from  five  carcinogenic  molecules  in  the  data  base  (C.l.  basic  red  no.  9; 
polybrominated  biphenyl;  tetrachlorvinphos;  dichlorodiphenyidichloroethylene;  2-biphenylamine  HCI). 


16 


Diethylstilbestrol 

The  molecules  contains  the  biophore  (number  of  occurrences  =  4): 

Biophore  A:  CH  =  CH 

\ 

C"  -C 

w 

c- 

11  out  of  the  known  13  molecules  (85%)  containing  such  biophore  are  carcinogens  with  an 
average  activity  of  50.  (conf.level=99%) 

Constant  is  61.0 

The  following  modulators  are  also  present: 

CH 

W 

Modulator  1 ;  OH  -  C  C  -C  = 

\  / 

CH  =  CH  Activating  39.5 

Water  solubility  =  -1 .22  WS  contribution  is  -3.5 

The  probability  that  this  molecule  is  a  CPDB  carcinogen  is  80.0% 

The  compound  is  predicted  to  be  extremely  active 
The  projected  carcinogenicity  is  97  CASE  units 


Figure  2.  MultiCASE  prediction  of  carcinogenicity  of  DES  based  upon  the  Carcinogen  Potency  Data  Base 
of  Gold  et  a!.  (1984,  1986,  1987,  1990,  1«93)  (CPDB).  The  probability  is  derived  from  the  fact  that 
biophore  A  is  present  in  13  chemicals  In  the  data  base,  1 1  of  which  are  carcinogens.  The  presence  of 
biophore  A  is  associated  with  61  CASE  units  of  potency.  The  presence  of  four  copies  of  modulator  2 
contributes  a  further  39.5  CASE  units  to  the  potency.  The  projected  potency  (97  CASE  units) 
corresponds  to  a  TD^q  of  0.57  mmoles/kg/day. 
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3’,3"-Dimethoxy-E-diethylstilbestrol 

The  molecule  contains  the  biophore  (number  of  occurrences  =  2): 

Biophore  A:  C  =  CH 

\ 

C 

II 

C 

35  out  of  the  known  47  molecules  (74%)  containing  such  biophore  are  rodent  carcinogens 
with  an  average  activity  of  38  (conf.  level  =  100%) 

Constant  =  56.4 

The  following  modulator  is  also  present: 

Water  solubility  =  -0.26  WS  contribution  =  0.6 

The  probability  that  this  molecule  is  a  rodent  carcinogen  is  73.5% 

The  carcinogenic  spectrum  is  projected  to  be  57  CASE  units 


Figure  3.  MultiCASE  prediction  for  3’,3’’-dimethoxy-E-diethylstilbestrol  based  on  the  NTP  rodent 
carcinogenicity  database.  A  spectrum  of  57  CASE  units  indicates  a  potential  for  inducing  cancers  in 
multiple  species  at  multiple  sites  in  both  sexes. 
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Metabolite  s23 


The  molecules  contains  the  biophore  (number  of  occurrences  =  2): 

Biophore  A;  C  =  CH 
\ 

C 

// 

C 

35  out  of  the  known  47  molecules  (74%)  containing  such  a  biophore 
are  rodent  carcinogens  with  an  average  activity  of  38.  (conf.level=100%) 

Constant  is  56.4 

The  following  modulator  is  also  present: 

Water  solubility  =  0.44  ^  vvs  contribution  is  -1.0 

The  molecules  also  contain  the  biophore  (number  of  occurrences  =  1): 

Biophore  B:  CH  =  CH 

\ 

C  -  O 

// 

=CH  -  C 


7  out  of  the  known  7  molecules  (100%)  containing  such  a  biophore 
are  NTP  CDB  carcinogens  with  an  average  activity  of  51.  (conf. level =99%) 

The  probability  that  this  molecule  is  a  Rodent  Carcinogen  is  73.5%  due  to  the  first  biophore,  increased 
to  86.3%  due  to  presence  of  the  extra  biophore. 

The  activity  is  projected  to  be  57  CASE  units 


Figure  4.  MultiCASE  prediction  of  the  carcinogenicity  in  rodents  of  metabolite  s23. 
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Diethylstilbestrol 

The  molecule  contains  the  biophore: 

Biophore:  2D  fragment  [C-]  <—  6.0  A  —>  [OH-] 

14  out  of  the  known  16  molecules  (87%)  containing  such  biophore  are  mouse  carcinogens 
with  an  average  activity  of  47  (conf.level  =  100%) 

Constant  =  51.8 

The  probability  that  this  molecule  is  a  mouse  carcinogen  is  83.3% 

The  activity  is  projected  to  be  52  CASE  units 


Figure  5.  MultiCASE  prediction  for  diethylstilbestrol  in  the  mouse  carcinogenic  potency  database. 
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ABSTRACT 

STD1  {MSN3)  was  isolated  independently  as  a  multi¬ 
copy  suppressor  of  mutations  in  the  TATA-binding 
protein  and  in  SNF4,  suggesting  that  STD1  might 
couple  the  SNF1  kinase  signaling  pathway  to  the 
transcriptional  machinery.  We  report  here  a  direct 
physical  interaction  between  STD1  and  the  TATA-bind¬ 
ing  protein  (TBP),  observed  in  vivo  by  the  two-hybrid 
system  and  in  vitro  by  binding  studies.  STD1  bound 
both  native  TBP  in  yeast  cell-free  extracts  and  purified 
recombinant  TBP.  This  interaction  was  altered  when 
TBPA57  was  used,  suggesting  a  role  for  the  non-con- 
served  N-terminal  domain  of  TBP  in  mediating  protein- 
protein  interactions.  We  also  show  that  perturbation  of 
STD1-TBP  stoichiometry  alters  SUC2  expression  in 
vivo  and  that  this  effect  is  dependent  on  the  N-terminal 
domain  of  TBP.  The  activation  of  SI/C2  expression  by 
increased  copy  number  of  STD1  occurs  at  the  level  of 
mRNA  accumulation  and  it  requires  the  same  TATA 
element  and  uses  the  same  transcription  start  site  as 
does  activation  of  SUC2  by  glucose  limitation.  Taken 
together,  these  results  suggest  that  STD1  modulates 
SUC2  transcription  through  direct  interactions  with 
TBP. 

INTRODUCTION 

STDl  was  isolated  as  a  multicopy  suppressor  of  growth  defects 
caused  by  overexpression  of  the  conserved  C-temiinal  domain  of 
the  TATA-binding  protein  (TBPA57)  (I).  The  TATA-binding 
protein  (TBP)  is  an  essential  component  of  the  transcriptional 
machinery  of  all  three  nuclear  RNA  polymerases  (2-6).  In  yeast, 
TBP  contains  240  residues  with  the  C-terminal  180  residues 
consisting  of  a  DNA  binding  domain  that  is  highly  conserved 
throughout  eukaryotic  evolution.  The  60  residue  N-terminal 
domain  is  not  conserved  and  is  not  required  for  viability  (7-10). 
Overexpression  of  wild  type  TBP  in  yea^^as^ifejl&own 


phenotype.  In  conu-ast,  overexpression  of  TBPA57  from  the  GALl 
promoter  can  result  in  a  dominant  negative  phenotype  of  extremely 
slow  growth  and  defects  in  both  induced  and  uninduced  RNA 
polymerase  II  transcription  (IJl).  This  meet  is  not  restricted  to 
growth  on  galactose  media:  overexpression  of  TBPA57  (yl83c) 
from  the  ADHl  promoter  causes  poor  growth  on  media  with 
glycerol  as  a  carbon  source  (8). 

Biochemical  studies  indicate  that  the  N-terminal  domain  inhibits  i 
the  DNA  binding  activity  of  TBP.  The  temperature  dependence  of 
TBP's  DNA  binding  activity  is  relaxed  by  proteolytic  removal  of 
the  N-terminal  domain  (12).  The  N-terminal  domain  of  TBP 
greatly  destabilizes  the  TBP-DNA  complex  in  electrophoretic 
mobility  shift  assays  and  it  increases  the  activation  energy  of  j 
TBP-DNA  complex  formation  by  almost  3  kcal/mpl  (13).  I 
Missense  mutations  that  reduce  DNA  binding  activity  of  TBP  are  I 
suppressed  in  vitro  by  removal  of  the  N-terminal  domain  (14). 
These  same  mutant  forms  of  TBP  can  bind  DNA  stably  if  TFIIA  [ 

is  present,  indicating  that  TFIIA  may  stabilize  the  DNA  bound  I 

form  of  TBP  by  blocking  the  inhibitory  effects  of  the  N-terminal  | 
domain  (14).  These  data  suggest  that  the  N-terminal  domain  | 
negatively  afreets  the  DNA  binding  activity  of  TBP  and  that  other  | 
proteins  may  be  able  to  modulate  this  effect.  Since  TBPA57  | 
causes  deleterious  effects  only  when  expressed  at  high  levels.  ; 
TBPA57  might  be  titrating  an  important  component  of  the 
transcription  machinery. 

By  searching  for  multicopy  suppressors  of  TBPA57  overex-  | 
pression,  we  sought  to  identify  genes  encoding  proteins  that 
directly  interact  with  or  regulate  the  activity  of  TBP.  STDl  on  a  ? 
multicopy  plasmid  suppresses  both  the  growth  phenotype  and  the  ; 
defects  in  RNA  polymerase  11  transcription  caused  by  overex-  ; 
pression  of  TBPA57  (1).  It  does  this  even  though  TBPA57 
accumulates  to  the  same  levels  and  has  the  same  DNA-binding 
activity  as  without  STDl  overexpression.  High  level  expression 
of  STDl  suppresses  TBPA57  induced  defects  in  transcription  at 
apparently  unrelated  loci  such  as  CUPl  and  ACTl.  These 
findings  suggest  that  STDl  may  be  an  important  component  d 
transcription,  perhaps  interacting  directly  with  the  transcription 
machinei*)'. 


To  whom  correspondence  should  be  addressed 
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STD  I  (MSN3)  was  also  identified  as  a  multicopy  suppressor  of 
the  raffinose  growth  defect  caused  by  deletion  of  the  SNF4  gene 
(15).  Deletion  ofSNf4  causes  a  defect  in  the  SNFl  protein  kinase 
pathway  of  gluco.se  derepression  (16—18).  Strains  with  this  defect 
have  pleiotropic  phenotypes  related  to  carbon  utilization  ( 1 9-22). 
Among  other  things,  these  strains  fail  to  derepress  transcription 
of  SUC2.  the  gene  for  invertase,  and  as  a  result,  cannot  grow  on 
media  containing  raffinose  as  the  carbon  source. 

Several  lines  of  evidence  indicate  that  STDl  acts  positively  to 
derepress  invertase  expression  (15).  First.  increa.sed  copy  number 
of  STDl  restores  the  ability  of  a  snf4As  strain  to  derepress  invertase 
and  grow  on  raffinose  media.  Secondly.  increa.sed  copy  number  of 
STDl  partially  relieves  glucose  repression  in  wild  type  cells. 
Thirdly,  deletion  of  STDl  and  its  homologue.  MTHI.  cau.ses  a 
4-fold  reduction  in  the  derepres.sed  level  of  invertase  expression. 
These  activities  are  all  dependent  upon  an  intact  SNFI  gene. 
Moreover.  STDl  can  physically  associate  with  SNFI  in  vivo  and 
in  vitro.  These  data  suggest  that  STDl  acts  in  conjunction  with 
SNFI  to  relieve  gluco.se  repression  of  the  invertase  gene. 

STDl  does  not  appear  to  be  a  conventional  transcriptional 
activator.  A  LexA-STD  1  fusion  protein  fails  to  activate  transcrip¬ 
tion  of  a  reporter  gene  containing  LexA  binding  sites  ( 1 5).  This 
,  fusion  protein  is  known  to  be  functionally  active,  since  it 
suppresses  the  snf4A  phenotyp>e.  Sequence  analysis  of  STDl 
I  does  not  detect  any  similarity  to  motifs  associated  with  known 
families  of  transcription  factors  (1,15).  Thus  the  mechanism  by 
I  which  STDl  acts  to  derepress  invertase  expression  is  unclear. 

We  report  here  a  direct  physical  interaction  between  STD  1  and 
TBP.  We  show  that  in  vivo.  STDl  interacts  with  TBP  in  the 
two-hybrid  system.  In  vitro,  purified  recombinant  STDl  binds 
both  native  TBP  from  yeast  whole  cell  extracts  and  recombinant 
I  TBP  purified  from  Escherichia  coli.  STDl  is  also  able  to  bind 
*1  TBPA57,  though  in  a  qualitatively  different  fashion  from  its 
'  binding  to  TBpT  In  vivo,  the  expression  of  SUC2  is  sensitive  to 
perturbations  of  STDl -TBP  stoichiometry  and  this  effect  is  also 
K  dependent  on  the  N-terminal  domain  of  TBP.  These  results 
1  suggest  that  STDl  activates  expression  of  invertase  through  its 
f  interaction  with  TBP  at  SUC2  and  that  this  interaction  is 
ijmodulated  by  the  N-terminus  of  TBP. 


i^flATERIALS  AND  METHODS 

|;Strains  and  genetic  methods 

SSaccharomvces  cerevisiae  strain  Y153  {MATa,  Ieu2-3,1 12. 
|:|ira5-52.  trpl-901.  his3-A200,  ade2-I0l.  gal4.A.  galSOA. 
^VRA3::GALI-lacZ.  LYS2: :GAU -HIS3)  was  used  for  the  two 
Ihybrid  analysis  (23).  Y153  requires  GAL4  activity  to  grow  on 
^teedia  lacking  histidine.  MCY2634  (MATa,  snf4-A2,  iira3-52. 
|A«i-A200,  Ieu2-3,II2)  was  used  for  testing  invertase  expression 
fen  a  snf4A  background  (15).  MCY2662  (MATa.  ura3-52. 
mrpl-AI  his  I-A200.  I\s2-80l )  was  used  to  prepare  yeast  extracts 
p  test  the  ability  of  GST-STD 1  to  bind  TBP.  MCY2649  (MATa, 
mra3-52.  leu2-3.  112.  his3A200)  and  FY716  (MATa,  ura3-52. 
^hu2Al  '.  his4-9I26.  I\s2-I28b.  siic2-l04)  were  used  in  invertase 
^r-says.  Yeast  were  grown  in  synthetic  complete  (SC)  media  (24), 
^^king  certain  supplements  where  indicated  to  maintain  plasmid 
flection.  Dextrose  was  used  as  the  carbon  source  unless 
herwise  noted. 


Plasmid  constructions 

Plasmids  pGBT9  and  pGACW24  were  used  to  constmct  fusions 
for  two-hybrid  analvsis  (25).  pGBT9  expresses  the  GAL4  DNA 
binding  domain  (amino  acids  1-147)  from  the  .ADHI  promoter, 
while  pGAD424  expresses  the  GAL4  activation  domain  (^ino 
acids  768-881 )  from  the  ADHI  promoter.  In  both  ca.ses  the  test 
protein  is  fused  to  the  C-terminal  end  of  the  G.AL4  fragment.  The 
GAL4  bindinc  domain-STDl  fusion  (pTT21)  was  cre^d  using 

PCR  with  5'-CCGGAATTC.ATGTrTGTTTCACCAC^^d 
5'-CGCGAATrCAAATTT.ACTAGG.ACATTCC.ATCAGG^- 

CC  as  primers  to  amplify  a  fragment  containing  the  entire  57  D/ 
gene  with  £coRI  sites  on  each  end.  in  frame  with  the  G. 
binding  domain  fragment  in  pGBT9.  This  PCR  pr^uct  was 
subcloned  into  the  EcoRl  site  of  pGBT9  to  make  I^-*-  The 
GAL4  activation  domain-TBP  fusion  plasmid  tpTT31)  was 
similarly  constructed  except  a  threonine  to  lysine  mutation  was 
introduced  at  residue  1 1 2  to  abolish  the  DNA  binding  activity  of 
TBP  (10).  The  mutation  was  created  using  the  pnmers 

''5'-GCGCGAATTCAT(3GCCGATG.-\GGAAC  with  5  '^^A- 
AAATTAAAGCTTTAGTTTTTGG  and  5'-CCAAAAACTAA- 
AGCTTTAATTTTTGC  with  the  universal  primer.  The  resulting 
two  overlapping  PCR  products  were  used  with  the  two  outside 
primers  in  a  new  PCR  reaction  to  generate  full  length  TBP  with 
the  T1 1 2K  mutation.  This  PCR  product>as  digested  with  EcoRl 
and  San  and  inserted  into  similarly  digested  pGAD424  to  create 
pTT31.  The  T112K  mutation  and  the  fusion  junctions  were 
confirmed  by  DNA  sequence  analysis.  . 

Plasmid  pGEX-STDl  was  constructed  “f"?  ^^7 

the  full  length  STDl  using  the  5 -C^GG^GGCA- 

TATGTTTGTTTCACCACCTCC  and  5 -CGCGAAl  ILAAA- 
TTTACTAGGACATTCCA.  The  resulting  PCR  pr^uct  was 
digested  with  BamUl  and  EcoR\  ligated  into  similarly  digested 

pGEX-2T  (26).  .  ^  .  K 

Plasmid  pRG84  was  constructed  by  subcloning  the  -.4  kb 
EcoRl-BamHl  genomic  fragment  containing  the  wild  tyi»  1 BK 
gene,  SPTI5.  into  similarly  digested  YEp352  (27).  pRG85  is  the 
same  as  pRG84  with  a  precise  deletion  removing  ammo  acids 

2-57  in  TBP.  ^ 

Plasmid  pGBT9-SNFl  (the  GAL4  binding  dommn-SWl 
fusion)  was  subcloned  from  pEE5  (28),  pGBT9-LAM  (the 
binding  domain-human  lamin  C  fusion)was  subcloned  from 
pLAM5  (29).  pN112  (28)  (the  GAL4  activation  domain  fu^d  to 
die  C-terminus  of  SNT4).  pGST-MSN3  (15)  (a  glutatoone 
S-transferase-STDl  fusion  protein;  GST-STD  1).  pLexA 
( l-202)+PL  (30),  pLexA-MSN3  ( 1 5)  (the  LexA  binding  domain- 
STDl  fusion)  and  pDE93-3  (31)  (the  2p  vector  pRS424 
expressing  TBP  from  its  native  promoter)  have  all  been  described 
previously. 

Two-hybrid  assays 

For  the  two-hybrid  assays  (28,32),  yeast  strain 
co-transformed  with  the  indicated  pGBT9  and  pGAEM-  enva 
lives  onto  synthetic  complete  media  lacking  tryptop  an  an 
leucine  to  maintain  selection  for  the  plasmids.  Transtomie  ce  s 
were  grown  in  selective  media  to  late  log  phase  ^  ^3 

equal  cell  number.  Ten  micmliter  each  of  itfl  lO"  ,  10*“  and  1^- 
dilutions  were  spotted  to  synthetic  complete  media  with  i/r 
ethanol,  2^c  galactose  and  3%  glycerol  as  a  carbon  soua'e  ^d 
lacking  tryptophan,  leucine  and  histidine.  3- Aminotnazole  - 
was  added  at  30  rruM  to  increase  the  requirement  for  the  HISJ  gene 
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product  (23).  These  dilutions  were  also  spotted  to  the  same  media 
containing  histidine  to  control  for  equal  viability.  Cells  were 
grown  for  7  days  at  30  then  photographed. 


Assay  for  invertase  activity  in  snf4A  strains 

Strain  MCY2634  was  transformed  with  pLexA(l-202)+PL  or 
pLexA-MSN3  and  either  YEp352,  pRG84  or  pRG85.  Glucose 
derepressed  ceils  were  prepared  (21)  and  assayed  for  invertase 
activit)'  (33) . 
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Primer  extension  of  SIJC2  mRNA 

Total  yeast  RNA  w'as  prepared  (34)  and  analyzed  by  primer 
extension  (35)  using  AMV  reverse  transcriptase.  The  oligonucleo¬ 
tide  primer  complementary  to  SUC2  mRNA  (5'-CCAAAGGTC- 
TATC(3CTAGTTTCGTTTGTCATTGATGCAGATA7TTT(3G- 
CTGC)  w'as  labeled  with  [y-'^'PlATP  and  polynucleotide  kinase^ 


Figure  1.  STDl  imeracrs  with  TBP  in  vivo.  Strain  Y1.S3  iransfomied  with  the 
indicated  plasmids  were  grown  overnight  in  selective  media  to  late  log  phase. 
They  were  adjusted  to  equal  cell  number,  then  10  pi  of  the  indicated  dilutions 
were  spotted  onto  synthetic  complete  media  lacking  tryptophan  and  leucine  or 
to  media  lacking  try  ptophan,  leucine  and  histidine  and  containing  30  mM  3-AT. 
The>  were  grown  for  7  days  at  30^ C,  then  photographed. 


Assay  for  binding  to  GST-STDl 

Glutathione  S-transferase-STD  I  was  purified  as  previously 
described  (15)  from  E.coli  strain  XLl-blue  (Stratagene)  trans¬ 
formed  with  pGST-MSN3  or  pGEX-STDf  for  the  experiments 
shown  in  Figures  2  and  3,  respectively.  To  test  the  ability  of 
GST-STDl  to  bind  TBP  in  yeast  whole  cell  extracts,  MCY2662 
transformed  with  pDE93-3  (expressing  TBP  from  a  multicopy 
plasmid)  was  grown  to  mid-log  phase  in  selective  media 
containing  2%  dextrose  (repressing).  Cells  were  then  shifted  to 
media  containing  0.05%  dextrose  (derepressing)  for  3  h.  Yeast 
whole  cell  extracts  were  then  prepared  ( 1 6)  and  200  pg  whole  cell 
extract  per  assay  was  incubated  with  GST  or  GST-STD 1  resin. 
The  resin  was  washed  10-fold  with  1  ml  of  MTPBS  (15),  boiled 
in  SDS-PAGE  sample  buffer  and  analyzed  by  10%  SDS-PAGE 
(36).  Western  analysis  was  performed  by  standard  methods  (36), 
using  rabbit  anti-TBP  serum  (kindly  provided  by  S.  Buratowski, 
Whitehead  Institute)  and  developed  using  a  chemiluminescent 
method  (Amersham). 

For  testing  the  ability  of  STD  1  to  bind  purified  recombinant  TBP 
and  TBPA57,  GST-STDl  bound  to  glutathione-agarose  was 
incubated  in  100  mM  NaCl,  1%  Triton  XKX),  20  mM  NaP04  pH 
7.3  in  the  presence  of  protease  inhibitors  (2  mM  phenylmethylsul- 
fonyl  fluoride  and  I  pg/ml  each  aprotinin,  leupeptin  and  pepstatin) 
for  30  min  at  4°C  with  2  pg  of  either  purified  recombinant  TBP 
or  TBPA57.  This  was  centrifuged  and  the  supernatant  was  saved. 
The  resin  was  washed  six  times  in  the  same  buffer.  One  half  of  the 
resin  was  then  eluted  with  SDS-PAGE  sample  buffef.  The  other 
half  was  subjected  to  sequential  salt  washes  containing  0.15,  0.2, 
0.4  and  0.8  M  NaCI  in  1%  Triton  XlOO,  20  mM  NaP04,  pH  7.3 
and  protease  inhibitors  as  indicated  above.  This  was  followed  by 
a  final  wash  with  a  buffer  containing  20  mM  glutathione,  0. 12  M 
NaCI,  100  mM  Tris,  pH  8.0.  The  remaining  resin  was  then  eluted 
with  SDS-PAGE  sample  buffer.  The  GST  samples  were  treated 
identically,  except  that  the  bound  GST  was  eluted  directly  with 
glutathione  buffer.  These  samples  were  then  analyzed  by  SDS- 
PAGE  in  a  12%  gel.  Western  analysis  was  by  standard  methods 
(36).  A  polyclonal  rabbit  anti-TBP  antibody  was  used  to  visualize 
TBP.  TBPA57  was  visualized  by  a  polyclonal  rabbit  antibody 
tlirected  against  the  C-terminus  of  TBP  (1).  The  blots  w'ere 
^veloped  using  an  alkaline  phosphatase  method  (Biorad). 


RESULTS 

STDl  and  TBP  interact  in  the  two-hybrid  system 

The  ability  of  STDl  to  suppress  TBP/:^57-induced  defects  in  a 
dosage  dependent  manner  suggested  that  STDl  may  interact 
directly  with  TBP.  We  tested  this  possibility  using  the  tw'o-hybrid 
system  developed  by  Fields  and  colleagues  (28,32).  This  assay  is 
based  on  the  fact  that  GAL4  activation  of  a  reporter  gene  can  be 
reconstituted  in  trans  from  separate  fusion  proteins  containing  the 
GAL4  binding  (Gbd)  and  activation  (Gad)  domains.  Reconstitu¬ 
tion  of  GAL4  activity  in  vivo  indicates  a  physical  interaction 
between  the  two  fusion  proteins. 

Initial  experiments  determined  that  a  fusion  protein  composed 
of  wild  t^'pe  yeast  TBP  and  Gbd  contained  significant  back¬ 
ground  activity  in  the  absence  of  any  Gad  plasmid.  This  technical 
difficulty  w'as  overcome  by  making  two  adjustments.  We  used  a 
point  mutation  in  the  DNA  binding  domain  of  TBP  (Thr  to  Lys 
at  position  1 12)  that  eliminates  specific  binding  to  TATA  boxes 
(10)  and  we  fused  this  (TBPti  i2k)  to  Gad-  The  Gad-TBPji  i2k 
fusion  contained  little  if  any  background  activity  and  was  used  in 
the  two  hybrid  experiments  described  below. 

Plasmids  expressing  Gbd  fused  with  STDl  (Gbd"STDI)  and 
Gad  fused  with  TBPxi  1 2K  (GaD'TBPxi  i  2k)  were  cotransformed 
into  the  yeast  strain  Y153.  Y153  has  its  H1S3  gene  under  the 
control  of  the  GALl  upstream  activating  sequence  and  the 
endogenous  GAL4  gene  is  deleted.  Reconstitution  of  GAL4 
activity  from  the  fusion  proteins  allows  expression  of  the  H1S3 
gene  product  and  the  resulting  ability  to  grow  on  media  lacking 
histidine.  3- Aminotriazole  was  added  to  the  media  to  increase  the 
amount  of  the  H1S3  gene  product  required,  since  the  background 
level  of  transcription  that  occurs  in  the  absence  of  any  GAL4 
activity  is  sufficient  for  substantial  growth  (23).  Thus,  increasing 
amounts  of  3-AT  can  be  used  to  titrate  the  efficiency  of  GAL4 
reconstitution. 

Cells  containing  both  Gbd"STD  1  and  Gad-TBPxi  i2K  were  able 
to  reconstitute  GAL4  activity,  demonstrating  an  interaction 
between  STDl  and  TBP.  This  is  shown  for  serial  dilutions  of  the.se 
.strains  at  30  mM  3-AT  in  Figure  1 ,  on  media  containing  ethanol, 
glycerol  and  galactose  as  a  carbon  source.  Similar  results  were 
obtained  with  15  mM  3-AT  and  on  glucose  with  15, 30  and  60  mM 
3-AT  (not  shown). 
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Figure  2,  Glutathione  S -transferase- STD  1  binds  TBP  from  yeast  whole  cell 
extracts.  Strain  MCY2662  transformed  with  pDE93-3  (TBP  expressed  from  a 
2  p  sector)  was  grown  to  mid-log  phase  in  selecuve  media  containing  29f 
dextrose  (repressmi!,  R)  and  shifted  to  derepressing  (D)  media  for  3  h.  Yeast 
extracts  were  prepWed  and  200  pg  protein  from  each  was  incubated  with 
‘  GST-STDl  (lanes  a  and  c)  or  GST  (lane  b)  bound  to  glutathione-agarose  for  1 
h  at  4"C.  After  extensive  washing,  these  w'ere  boiled  in  SDS-PAGE  sample 
buffer  and  subjected  to  SDS-PAGE  on  a  1 07r  gel.  25  pg  yeast  extract  was  loaded 
in  lanes  d  and  e.  Une  f  was  loaded  with  GST-STD I  alone.  Lanes  g  and  h  are  the 
same  as  d  and  e,  except  at  a  lighter  exposure.  TBP  was  detected  by  Western 
analysis  using  rabbit  and-TBP  serum  and  developed  by  chemiluminescence. 

The  STD-TBP  interaction  was  shown  to  be  specific,  in  that  neither 
Gbd’STDI  nor  Gad-TBPti  1 2K  promoted  growth  when  paired  with 
other  proteins.  For  instance,  while  the  Gbd'^AM  (human  lamin 
t  CyGAD-TBPTii2K.  Gbd-STD1/SNF4-Gad  and 
I  SNF4-Gad  protein  pairs  showed  some  growth  at  the  \(P  dilution, 
f  it  was  not  sustained.  At  the  10"^  dilution  these  strains  were  clearly 
t  not  growing.  The  positive  control,  the  C}bd“SNF1/SNF4-Gad 
I  shows  a  well  documented  (28,37),  relatively  strong  interaction.  The 
interaction  between  TBP  and  STD  I  was  not  dependent  on  the 
I  T1 12K  mutation  since  similar  results  were  obtained  with  wild  type 
I  TBP  fused  to  either  the  LexA  or  G  AL4  DNA  binding  domains  (data 
if  not  shown).  That  the  same  results  were  obtained  using  different 
7 .  constructs  and  reporter  genes  shows  that  the  apparent  ability  of 
^  Cjbd-STDI  and  Gad-TBPji  i2K  to  interact  was  not  an  artifact  of  any 
I  particular  construct.  Furthermore,  all  strains  grew  on  media 
supplemented  with  histidine  (Fig.  1 ),  indicating  that  none  of  the 
fusion  proteins  were  toxic.  Thus,  Gbd'STDI  and  Gad'TBPth^k 
were  able  to  reconstitute  GAL4  activity  through  their  specific 
interaction  in  vivo. 

STDl  specifically  binds  TBP  from  yeast  extracts 

The  two  hybrid  data  reported  above  provided  evidence  that  STD  1 
and  TBP  interact  in  vivo.  We  detected  this  interaction  in  vitro  using 
a  GST-STDl  purified  from  bacteria.  Glutathione  S-transferase- 
STDl  or  GST  bound  to  glutathione-agarose  resin  w^  incubated 
with  200  pg  yeast  extract  from  either  glucose  repressed  or 
derepressed  cells.  After  extensive  washing,  the  proteins  bound  to 
the  resin  were  analyzed  by  Western  blot.  GST-STDl  specifically 
bound  TBP  (Fig.  2,  compare  lanes  a  and  e;  c  and  d).  Glutathione 
S-transferase  did  not  (lane  b).  This  biochemical  evidence  confirms 
that  STDl  specifically  interacts  with  TBP  in  both  glucose 
repressed  and  derepressed  cells. 
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Figure  3.  Glutathione  S-transfenLse-STDl  directly  interacts  with  7  HR  and 
TBPA57.  Freshly  induced  GST-STDl  wa.s  bound  to  gkjtaihione-agarosc.  then 
incubated  in  isolation  buffer  at  0.1  M  NaCI  for  30  min  at  4  C  wiili  cither 
purified  recombinant  TBP  or  TBPA57  (onput).  This  was  centrifuged  and  the 
supernatant  was  saved  (flowthru).  The  resin  was  washed  three  times  in  the  vame 
buffer  (wash  1 ),  then  three  more  times  (wash  2).  One  half  the  resin  wav  then 
eluted  with  SDS-PAGE  sample  buffer  (bound  to  resin).  The  other  fialf  was 
subjected  to  sequential  salt  washes  in  isolation  buffer  containing  0.15, 0  2, 0.4 
and  0.8  M  NaCl.  Bound  proteins  were  then  eluted  from  the  resin  with  a  buffer 
containing  20  mM  glutathione.  0.12  M  NaCl>  KX)  mM  Tris,  pH  8.0 
(glutathione).  Any  remaining  bound  proteins  were^n  eluted  by  boilinj?  with 
SDS-PAGE  sample  buffer  (washed  resin).  The  GST  samples  were  treated 
identical!),  except  that  one  half  the  resin  was  eluted  with  glutathitmc  buffer 
immediately  after  wash  2. 

bind  TBPA57,  since  an  increased  gene  dosage  of  STD  1  can  rescue 
cells  from  TBPA57  toxicity.  Glutathione  S-transferase-STDl  or 
GST  bound  to  glutathione-agarose  resin  was  incubated  with  2  |ig 
purified  recombinant  TBP  orTBPA57.  The  resin  was  then  washed 
and  eluted  with  increasing  concentrations  of  NaCl.  Figure  3  shows 
a  Western  analysis  of  these  fractions  using  antibodies  to  TBP  and 
TBPA57.  Both  TBP  and  TBPA57  bound  to  GST-STDl  riane  5), 
but  not  to  GST  alone  (lane  12).  This  interaction  was  not  rrediated 
by  DNA.  since  including  either  ethidium  bromide  (38)  (x  DNase 
1  in  these  reactions  had  no  effect  relative  to  controls  tdaia  not 
shown).  These  results  demonstrate  a  direct  physical  interaction 
between  STDl  and  TBP  or  TBPA57  proteins  in  vitro. 

Interestingly,  there  were  striking  qualitative  and  quantitative 
differences  in  the  binding  properties  of  TBP  and  TBPA57.  The 
same  preparation  of  GST-STDl  resin  bound  almost  l^alf  the 
TBPA57.  but  only  a  small  fraction  of  the  TBP  (compare  lanes  2 
and  5).  This  difference  was  not  due  to  different  amounts  active 
TBP  or  TBPA57  in  these  preparations,  since  they  has  t  similar 
DNA  binding  activities  as  measured  by  electrophoretic  "/obility 
shift  assay  (data  not  shown).  Furthermore,  the  binding  ct  STDl 
to  TBP  appeared  qualitatively  different  from  that  of  STDl  to 
TBPA57.  Most  of  the  bound  TBP  A57  eluted  at  0.2  M  NsO  (lane 
7),  whereas  the  small  amount  of  TBP  that  bound  either  duted  at 
0. 15  M  NaCl  or  was  retained  until  the  glutathione  w  as.-..  These 
experiments  show  that  both  TBP  and  TBPA57  imerset  with 
STDl.  but  that  removal  of  the  non-consers  ed  N-termir;te  -lomain 
of  TBP  alters  its  binding  properties  to  STD  1 . 


STDl  binds  purified  recombinant  TBP  and  TBPA57 

We  addressed  whether  STDl  interacts  with  TBP  directly  or 
,v  frtrough  an  intermediate  by  testing  the  ability  of  GST-STDl  to  bind 
I  tecombinant  TBP  purified  from  E.coli.  We  also  tested  its  ability  to 


STDl  activation  of  SUC2  does  not  alter  T.\TA  box  or 
start  site  selection 

Since  STDl  protein  interacts  with  the  TBP.  it  is  possioe.  that  its 
mechanism  of  activation  of  the  SUC2  gene  may  be  to  dKo:i  TBP 
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to  an  alternative  TATA  element.  Additional  TATA-like  sequences 
are  present  at  -32  (TATAT)  and  -121  (TATAAT)  relative  to  the 
mRNA  start  site  and  are  capable  of  binding  TBP  in  vitro  (data  not 
shown).  Utilization  of  these  TATA  elements  might  also  result  in  an 
alternative  start  site  of  transcription  initiation.  Therefore,  we 
investigated  the  TATA  box  and  start  site  utilization  at  SUC2  when 
derepressed  by  STD  1  or  by  glucose  limitation.  For  these  experi¬ 
ments,  we  utilized  the  siic2’104  mutation  which  replaces  the  -90 
TATA  element  (TATAAA)  with  a  Kpn\  restriction  site  (39).  Cells 
carrying  the  wild  type  SUC2  or  the  suc2-104  allele  were  compared 
for  their  ability  to  derepress  invertase  expression  in  response  to 
glucose  limitation  and  in  response  to  increased  gene  dosage  of 
STDl.  In  wild  type  cells,  glucose  limitation  resulted  in  a  50-fold 
increase  in  invertase  enzyme  acti\'ity.  Increased  copy  number  of 
the  STDl  gene  resulted  in  a  10-fold  increase  of  invertase 
expression  even  though  cells  were  maintained  under  repressing 
(high  glucose)  conditions  (Fig.  4A).  These  results  are  consistent 
with  earlier  studies  (15,39).  In  contrast,  the  suc2-104  mutation 
essentially  blocks  the  ability  of  cells  to  derepress  SUC2  expression 
in  response  to  either  glucose  limitation  or  increased  copy  number 
of  STDL  This  strain  (FY716)  has  all  the  rm/u-acting  factors 
needed  for  regulation  of  SUC2  since  they  efficiently  derepress  wild 
type  SUC2  introduced  on  a  plasmid  (not  shown).  These  data 
demonstrate  that  STDl  activation  of  SUC2  depends  on  the  same 
TATA  element  that  is  used  in  response  to  glucose  limitation. 

The  initiation  site  of  SUC2  mRNA  was  analyzed  by  primer 
extension  of  total  RNA  using  a  SUC2  specific  oligonucleotide 
primer.  Using  this  assay,  we  compared  both  the  quantity  of  SUC2 
mRNA  and  the  initiation  site  selection.  Wild  type  cells  show  a  large 
increase  in  SUC2  mRNA  in  response  to  glucose  limitation  (Fig. 
4B,  lanes  2  and  5)  that  closely  correlates  with  the  observed  increase 
in  invertase  activity  (Fig.  4  A).  The  mobility  of  the  primer  extension 
product  is  consistent  with  the  previous  mapping  of  the  SUC2 
mRNA  start  site  to  40  bp  upstream  of  the  ATG  codon  (40). 
Increased  copy  number  of  STDl  increases  SUC2  mRNA  accu¬ 
mulation  under  repressing  conditions  (lane  3)  and  the  mobility  of 
the  primer  extension  product  is  identical  to  that  observed  for  SUC2 
mRNA  induced  by  glucose  limitation.  No  additional  primer 
extension  products  were  observ'ed.  Therefore,  STDl -activated 
mRNA  has  the  same  5'  end  as  mRNA  derepressed  by  glucose 
limitation.  In  addition,  we  examined  the  level  of  SUC2  mRNA  in 
cells  which  lack  both  the  STDl  gene  and  its  homologue,  MTHL 
These  cells  derepress  invertase  jxx^rly  (15)  and  this  defect  is 
apparent  at  the  level  of  mRNA  accumulation  (lane  4). 

TBP  can  titrate  STDl  suppression  of  the  snf4A  phenotype 

Given  that  STDl  can  interact  directly  with  TBP,  we  sought 
evidence  that  this  interaction  is  relevant  in  vivo.  Previously,  it  was 
shown  that  STDl  expressed  from  a  multicopy  plasmid  can 
partially  suppress  the  defect  in  invertase  expression  of  a  5/z/4A 
strain  (15).  To  test  whether  this  ability  of  STDl  to  suppress  the 
snf4A  defect  is  mediated  by  its  interaction  with  TBP,  we 
measured  the  invertase  activity  of  strains  overexpressing  both 
STDl  and  TBP. 

For  this  experiment  a  LexA-STDl  fusion  protein  under  the 
control  of  the  strong  ADHl  promoter  was  used.  The  Lex  A  moiety 
IS  not  relevant  here.  As  expected  from  previous  studies  (15), 
LexA-STDl  restored  significant  invertase  activity  in  a  snf4A 
strain  under  derepressing  conditions  and  that  function  was 
ependenton  the  STDl  moiety  in  the  fusion  protein  (Fig.  5,  lanes 
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Figure  4.  SUC2  promoter  elements  required  for  activation  by  STDl  and 
glucose  limitation.  (A)  TATA  box  requirement.  The  requirement  for  the  SUC2 
promoter  TATA  element  was  examined  by  comparing  strains  MCY2649 
(5t/C2'*')  and  FYl\(){suc2-I()4)  for  the  abilitv  to  derepress  SUC2  transcription 
in  response  to  glucose  sum  ation  and  increased  copy  number  of  STDL  All  cells 
were  transformed  with  the  YEpI  3  based  plasmid  (2p.  LEU2)  and  grown  in  the 
absence  of  leucine.  Cells  transformed  with  YEpl4  are  indicated  by  R  and  D; 
cells  transformed  with  p6A8,  a  plasmid  with  the  STDl  gene  inserted  into 
YEpl3  are  indicated  by  R  +  STDl .  Repressed  cells  (R  and  R  +  STDl )  were 
grown  in  synthetic  complete  media  containing  29c  glucose  to  an  OD  of  0.5-1 .0. 
and  were  then  harvested  and  assayed  for  invertase  activity.  Derepressed  cells 
(D)  were  grow  n  to  an  OD  of  0.5-1 .0  in  the  same  media  and  were  then  harvested, 
washed  in  w  ater  and  resuspended  to  the  same  OD  in  the  .same  media  containing 
0.05^  glucose.  After  3  h.  cells  were  harvested  and  assayed  for  inveruise 
activity.  AH  errors  were  <59c  for  values  >2  U/100  mg  dry  weight.  (B)  Primer 
extension  of  SUC2  mRNA.  The  cells  used  in  this  experiment  contained  w'ild 
type  levels  of  STDl  and  .MTH 1  (wt).  increased  copy  number  of  STDl  on  a  2p 
plasmid  (2p)  or  contained  null  alleles  of  both  .srdl  and  mthi  (A  A).  Total  yea.si 
RNA  was  purified  from  cells  grown  under  repressing  conditions  (29c  glucose: 
lanes  1-3)  or  derepressing  conditions  (3  h  in  0.057f  gluco.se:  lanes  -4— 6).  Primer 
extension  products  from  reactions  with  15  pg  of  RNA  were  resolved  on  an  S9c 
polyaciyi amide.  7  M  urea  gel.  Control  reactions  indicated  that  this  analysis  was 
in  the  linear  range  for  this  assay  (data  not  shown).  A  reaction  with  twice  the 
RNA  (30  pg)  from  wild  type  derepressed  cells  yielded  twice  the  quantity  of 
extension  product,  whereas  a  2-fold  increase  in  primer  did  not  increase  the  yield 
of  primer  extension  product. 


a  and  d).  Increased  dosage  of  the  TBP  gene  on  a  multicopy 
plasmid  abolished  STDl  suppression  of  snf4 A  (lane  e).  In  control 
experiments,  the  presence  of  the  parent  vector  for  the  TBP 
plasmid  had  little  effect  (lane  d).  as  did  increased  dosage  of  TBP 
in  the  absence  of  overexpressed  STDl  (lane  b).  Instead,  high 
levels  of  TBP  seem  specifically  to  interfere  with  STDl  sup¬ 
pression  of  the  snf4A  defect.  In  contrast,  increased  dosage  of 
TBPA57  on  a  multicopy  plasmid  had  little  effect  on  invertase 
expression  in  the  snf4A  strain,  whether  LexA-STD  I  was  present 
(lane  f)  or  not  (lane  c).  These  results  are  consistent  with  a  direct 
interaction  between  TBP  and  STDl  that  is  modulated  by  the 
N-terminus  and  further  suggest  that  this  interaction  is  physiologi¬ 
cally  relevant  to  the  role  of  STDl  in  the  regulation  of  SVC2 
transcription. 

DISCUSSION 

The  isolation  of  STDl  {MSN3)  as  a  multicopy  suppressor  of  both 
a  snf4A  mutant  and  a  TBP  mutant  suggests  that  this  protein  might 
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Figure  5.  High  copy  expression  of  TBP  abolishes  STD  I  suppression  of  \nf4  A 
^pheneiype’.  Strain  MCY2634  transfonned  with  either  pLexA(  1-202 )+PL 
(Lex A)  or  pLexA-MSN3  (LexA-STDl )  and  either  YEp352  (vector).  pRG84 
(TBP)  or  pRG85  (TBPA57)  were  grown  to  mid  log  phase  in  selective  media 
and  shifted  to  glucose  derepressing  media  (0.05 glucose)  for  2  h.  Yeast  cells 
were  prepared  and  tested  for  invenase  acti\  it\.  A  unit  is  defined  as  micromoles 
of  glucose  released  per  min/1 00  mg  (dr\  weight)  of  cells.  Values  are  the  average 
of  assays  of  three  transfonnants  for  derepressed  samples.  All  errors  w-ere  <89f 
for  values  >2  U/iOO  mg  diy  weight. 


provide  a  link  between  the  SNFI/SNF4  protein  kinase  complex 
and  the  transcriptional  machiner>^  Earlier  studies  demonstrated  a 
physical  interaction  between  STDl  and  SNFF  both  in  vivo  and 
in  vitro  (15).  Here  we  demonstrate  a  direct  physical  interaction 
between  STDl  and  TBR  thus  establishing  a  potential  link 
between  SNFl  and  the  transcriptional  machinery. 

Interaction  of  STDl  and  TBP 

In  vivo,  STD  1  interacted  with  TBP  in  the  two-hybrid  system.  This 
interaction  was  shown  to  be  specific  and  independent  of  particular 
plasmid  constructs  or  yeast  strains.  The  interaction  between 
STDl  and  TBP  was  also  demonstrated//?  vvY/'ousingaGST-STDl 
fusion  protein.  When  purified  GST-STDl  was  incubated  with 
extracts  from  yeast  cells,  it  was  shown  to  bind  TBR  This 
interaction  was  specific  in  that  GST  alone  did  not  bind  TBP.  The 
interaction  of  TBP  with  GST-STDI  was  also  detected  using 
purified  components,  showing  that  this  interaction  is  direct  and 
not  dependent  on  additional  yeast  proteins.  Together  with  the 
two-hybrid  results,  these  data  provide  conclusive  evidence  for  a 
direct  physical  interaction  between  STDl  and  TBR 
Many  gene  regulatory  proteins  have  been  shown  to  interact 
with  TBP  (41-50).  In  fact,  so  many  TBP-interacting  j^roteins 
have  now  been  identified  that  it  is  reasonable  to  question  which 
interactions  are  biologically  important.  The  data  presented  here 
indicate  that  the  STD  I -TBP  interaction  is  physiologically 
relevant  in  vivo.  Changes  in  the  relative  levels  of  expression  of 
STDl  and  TBP  or  TBPA57  cause  changes  in  gene  regulation  in 
viVo  (1,15).  For  instance,  increased  expression  of  TBPA57 
\Causes  defects  in  RN  A  polymerase  II  tran.scription  in  vivo  that  can 
^be  reversed  by  increased  expression  of  STDl.  Similarly,  in- 
;icreased  expression  of  STDl  causes  a  partial  derepression  of 
$SUC2  in  a  snf4A  mutant  that  can  be  reversed  by  increased 
xpression  of  TBP.  In  both  ca.ses,  the  effects  on  transcription  by 
.  ^  verexpressing  one  of  these  proteins  is  reversed  by  concomitant 
^:^fverexpression  of  the  other.  The  dosage  effects  of  these 


phenotypes  are  consistent  with  the  existence  of  a  STD  I -TBP 
interaction  that  affects  transcriptional  regulation  in  vivo. 

The  mechanism  by  which  the  STDl -TBP  interaction  might 
affect  transcriptional  regulation  remains  speculative.  The  pheno¬ 
types  due  to  TBPA57  overexpression  and  snf4A  mutation 
correlate  with  defects  in  gene  expression.  Increased  copy  number 
of  STDl  can  partially  suppress  both  these  phenotypes  and  the  data 
presented  here  and  previously  (15)  provide  a  physical  link  between 
the  components  of  glucose  derepression  and  general  transcription. 
However,  the  data  do  not  provide  a  clear  mechanistic  model  that 
can  adequately  explain  our  in  vitro  binding  data.  In  particular,  it  is 
not  known  whether  a  STDl -TBP  complex  is  the  active  species 
with  regard  to  SUC2  transcription  or  whether  these  proteins  affect 
SUC2  transcription  by  titrating  one  or  the  other  from  a  different 
complex.  A  second  issue  is  the  identity  of  the  component  of  this 
system  which  provides  gene  specificity.  The  mechanism  which 
directs  these  components  to  the  SUC2  gene  as  opposed  to  any  other 
TAl^A -box-containing  gene  remains  unknown. 

Role  of  the  N-terminal  domain  of  TBP 

Our  data  indicate  that  the  interaction  of  STDl  and  TBP  is  altered 
by  the  non-conserved  N-terminal  domain  ofJTBR  This  domain  of 
TBP  is  not  essential  in  vivo  and  little  is  know^  about  its  functional 
role.  In  vitro,  the  N- terminal  domain  acts  as  an  inhibitor  of  DNA 
binding  ( 1 2, 1 3,5 1 )  and  this  inhibition  can  be  modulated  by  TFII A 

(14) .  The  binding  studies  using  GST-STDI  with  purified  TBP 
and  TBPA57  show  that  the  STDl -TBP  interaction  is  greatly 
affected  by  the  N-terminal  domain  of  TBP,  providing  evidence  for 
a  role  of  the  N-terminal  domain  of  TBP  in  modulating  protein- 
protein  interactions.  The  N-terminal  domain  of  TBP  also  affects 
the  STDl -TBP  interaction  in  vivo.  Increased  expression  of  STDl 
results  in  increased  expression  of  SUC2  in  a  snf4  mutant.  This 
STDl  -mediated  derepression  is  blocked  by  increased  expression 
of  TBP  but  not  TBPA57.  The  finding  that  the  N-terminal  domain 
affects  the  STDl -TBP  interaction  may  explain  earlier  studies 
which  reported  that  cells  expressing  TBPA57  (yl83C)  grew 
poorly  on  some  carbon  sources  (8).  Deletion  of  both  STDl  and  its 
homologue,  MTHl,  also  results  in  poor  growth  on  these  media 

(15) .  Recently,  it  was  found  that  the  TBPA57  but  not  full-length 
TBP  was  able  to  associate  with  human  TAFs  when  expressed  in 
a  human  cell  line,  suggesting  that  the  N-terminal  domain  may 
affect  the  assembly  of  the  TFIID  complex  in  vivo  (52).  These  data 
suggest  that  one  role  of  the  N-terminal  domain  may  be  to 
modulate  the  interaction  of  TBP  with  the  TAFs  and  other 
transcriptional  regulators. 
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The  SWI/SNF  complex  is  required  for  the  enhancement  of 
transcription  by  many  transcriptional  activators  in  yeast^’^.  Both 
genetic  and  biochemical  studies  provide  evidence  that  the  complex 
facilitates  activator  function  by  using  the  energy  of  ATP  hydrolysis 
to  antagonise  chromatin-mediated  transcriptional  repression^"^. 
Here  we  show  that  the  SWI/SNF  complex  has  a  high  affinity  for 
DNA  and  that  the  DNA  binding  properties  of  the  complex  are  highly 
reminiscent  of  those  exhibited  by  HMG-box  domains^.  For  example, 
we  demonstrate  that  the  complex  binds  to  DNA  with  low  sequence 
specificity,  interacts  with  the  minor  groove  of  the  DNA  helix,  binds 
synthetic  4-way  junction  DNA,  and  introduces  supercoils  into 
relaxed  plasmid  DNA.  These  HMG-box  properties  are  likely  to  play 
a  major  role  in  the  mechanism  by  which  the  SWI/SNF  complex 
remodels  chromatin  structure. 

The  yeast  SWI/SNF  complex  is  comprised  of  11  subunits^’^’^®,  five  of  which 
were  identified  in  early  genetic  screens  as  the  SWIl,  SWI2/SNF2,  SWI3,  SNF5 
and  SNF6  polypeptides^.  The  absence  of  known  DNA  binding  motifs  in  these 
known  SWI/SNF  subunits,  together  with  unsuccessful  attempts  to  identify 
SWI/SNF-dependent  DNA  binding  activities  in  crude  yeast  extracts,  has  led  to 
the  belief  that  the  complex  does  not  bind  DNA^^’^^.  Recently  we  reported  the 
purification  of  the  yeast  ’SWI/SNF  complex  to  near  homogeneity^,  thus  we 
sought  to  assay  the  purified  complex  for  DNA  binding  activity.  Our  initial 
experimental  strategy  was  to  assay  binding  of  the  purified  complex  to  DNA 
fragments  by  gel  retardation  analysis.  Figure  lA  illustrates  that  the  complex 
binds  with  high  affinity  (kD  =  3  x  10"^  M)  to  promoter  sequences  from  both 
SWI-dependent  {SUC2  and  ADH2)  and  SWI-independent  (CYCl)  genes.  We 


2 


also  found  that  the  complex  bound  equally  well  to  both  promoter  and  codin® 
region  sequences  derived  from  the  SWI-dependent  gene,  HO,  thus  illustrating 
that  the  complex  has  no  intrinsic  affinity  for  regulatory  sequences  (data  not 
shown).  In  all  DNA  binding  experiments  the  addition  of  ATP  had  no  effect  on 
the  formation  of  protein-DNA  complexes  (data  not  shown).  Although  the 
complex  does  appear  rather  promiscuous  for  high  affinity  DNA  binding,  it  has 
some  sequence  specificity.  For  instance,  all  binding  reactions  contain  a  1000- 
fold  molar  excess  of  the  competitor  DNA  poly(dG.dC).  In  addition,  the  complex 
binds  poorly  to  the  upstream  activation  sequence  of  the  SWI-dependent  IN 01 
gene  (Fig.  lA)  and  the  154  bp  GAL4  binding  sequence  used  in  our  previous 
study  (data  not  shown).  Furthermore,  figure  2A  illustrates  that  binding  of 
the  complex  to  ADH2  and  CYCl  DNA  probes  resulted  in  protection  of  specific 
sequences  from  DNase  I.  However,  a  comparison  of  the  SWI/SNF  binding  sites 
revealed  no  apparent  sequence  similarities  and  no  consensus  footprint  size 
(Table  1).  As  in  the  DNA  binding  assays,  addition  of  ATP  to  footprinting 
reactions  had  no  effect  (data  not  shown). 

Three  observations  indicate  that  this  DNA  binding  activity  is  due  to  SWI/SNF 
complex.  First,  SWI/SNF  complex  can  be  fractionated  on  a  native  DNA 
cellulose  column  which  increases  the  purity  of  the  SWI/SNF  preparations  (see 
legend.  Fig.  1).  Secondly,  DNA  binding  activity  co-elutes  with  SWI/SNF 
complex  from  the  final  gel  filtration  column  (data  not  shown).  Thirdly, 
addition  of  a  monoclonal  antibody  directed  against  an  engineered  epitope  at 
the  C-terminus  of  SWI2  disrupts  and  supershifts  the  DNA-protein  complex 
(Fig.  IB,  lane  3).  Addition  of  an  irrelevant  monoclonal  antibody  had  no  effect 
(Fig.  IB,  lane  2).  UV-crosslinking  experiments  were  performed  to  identify 
which  of  the  11  polypeptides  of  the  SWI/SNF  complex  contact  DNA.  Three 
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polypeptides  were  consistently  cross-linked  corresponding  in  size  to  the  150 
kDa  SWIl  polypeptide  and  to  two  (p68  and  p78)  components  of  the  complex 
that  have  not  been  cloned  as  yet  (Fig.  1C).  One  possibility  is  that  only  one  of 
these  subunits  directly  contacts  DNA.  Alternatively,  all  three  subunits  of  the 
SWI/SNF  complex  may  exhibit  DNA  binding  properties. 

We  have  performed  a  rigorous  examination  of  the  DNA  binding  properties  of 
the  SWI/SNF  complex  and  found  that  the  complex  shares  many  properties 
characteristic  of  HMG-box  domains.  Like  several  HMG-box  containing 
polypeptides  ,  the  SWI/SNF  complex  does  not  appear  to  recognise  a 
consensus  DNA  sequence  (Table  1).  Minor  groove  binding  drugs,  distamycin  A 
(Fig.  3A)  and  chromomycin  A3  (data  not  shown),  compete  with  the  SWI/SNF 
complex  for  DNA  binding  suggesting  that,  like  HMG-box  proteins  13,14,15^ 
complex  interacts  (at  least  in  part)  with  the  minor  groove.  We  also  found  that 
the  SWI/SNF  complex,  like  the  HMG-box  domain  containing  polypeptides 
HMG-1^^  and  UBF  exhibited  a  DNA  length  dependence  in  binding  assays 
(Fig.  3B). 

One  striking  feature  of  HMG-box  domains  is  their  ability  to  recognise  irregular 
DNA  structures  .  Bianchi  and  colleagues  originally  identified  HMG-1  as  a 
major  nuclear  protein  that  recognised  cruciform  DNA^^,  and  subsequently 
other  HMG-box  containing  polypeptides  have  been  shown  to  bind  to 
structured  DNAs^"^’^^.  As  illustrated  in  Figure  3C,  the  SWI/SNF  complex  also 
binds  with  high  affinity  to  synthetic  cruciform  DNA  but  not  to  the  duplex 
“arms”  of  the  cruciform.  This  result  suggests  that  the  SWI/SNF  complex  may 
recognise  structural  features  of  DNA  rather  than  the  primary  DNA  sequence. 
Interestingly,  the  four-way  junction  structure  formed  in  the  synthetic 
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cruciform  DNA  may  mimic  the  cross-over  point  where  DNA  enters  and  exits 
the  nucleosome^^. 

We  also  found  that  the  SWI/SNF  complex  can  supercoil  circular  DNA  in  the 
presence  of  bacterial  topoisomerase  I  (Fig  4A).  The  complex  did  not  introduce 
supercoils  in  the  absence  of  topoisomerase  I,  nor  did  this  activity  require 
ATP.  The  observation  that  eukaryotic  topoisomerases  were  able  to  remove 
the  SWI/SNF-induced  supercoils  (Fig.4B,  compare  lanes  6  to  8  &  9)  whereas 
E.  coli  topoisomerase  I  had  no  effect  (Fig.  4B,  compare  lanes  6  and  7) 
indicates  that  the  SWI/SNF  complex  introduces  exclusively  positive 
supercoils.  Several  HMG-box  containing  polypeptides,  including  HMG-1^^, 
mtTFl  and  ABF2  have  previously  been  shown  to  induce  negative 
supercoils  into  closed  circular  DNA  in  the  presence  of  topoisomerase  I.  What 
is  the  basis  of  the  SWI/SNF  complex-induced  supercoiling?  One  possibility  is 
that  the  SWI/SNF  complex  wraps  the  DNA  template  in  a  right-handed 
direction  thus  introducing  positive  supercoils.  Alternatively,  the  complex  may 
use  the  energy  of  DNA  binding  to  directly  change  the  helical  twist,  resulting  in 
an  overwinding  of  the  DNA.  Such  a  change  in  helical  twist  would  be 
incompatible  with  nucleosome  stability,  thus  it  is  tempting  to  speculate  that 
the  SWI/SNF  complex  may  use  such  an  activity  to  disrupt  nucleosomal  DNA^. 

One  prediction  of  the  DNA,  wrapping  model  is  that  the  positive  supercoils  will 
be  constrained  by  the  SWI/SNF  complex;  and  thus  addition  of  an  eukaryotic 
topoisomerase  during  the  supercoiling  assay  will  not  inhibit  induction  of 
supercoils.  On  the  other  hand,  if  SWI/SNF  does  not  constrain  the  positive 
supercoils,  for  instance  as  predicted  by  the  above  “twisting”  model,  then  a 
eukaryotic  topoisomerase  will  block  the  SWI/SNF  induced  supercoiling 
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reaction.  As  shown  in  Figure  4C,  calf  thymus  topoisomerase  I  inhibits  the 

induction  of  supercoils  by  SWI/SNF  (compare  lanes  2  and  3  to  lanes  4  and  5). 
This  inhibition  is  specific  to  the  supercoiling  activity  of  SWI/SNF,  as  calf 
thymus  topoisomerase  I  did  not  block  the  binding  of  SWI/SNF  to  the 

synthetic  cruciform  DNA  in  a  gel  shift  assay  (data  not  shown).  Thus  the 

inability  of  calf  thymus  topoisomerase  I  to  support  SWI/SNF-induced 
supercoiling  is  inconsistent  with  the  wrapping  model,  and  suggests  that  the 
complex  may  induce  supercoiling  by  changing  the  helical  twist  of  DNA. 

The  HMG-box  domain  properties  of  the  SWI/SNF  complex  are  likely  to  be 
central  to  the  mechanism  of  SWI/SNF  action.  For  example,  mutations  in  SINl, 
an  HMG  1-like  polypeptide  in  yeast,  alleviates  the  need  for  a  functional 
SWI/SNF  complex  .  The  data  presented  in  this  paper  suggest  that  the 

complex  may  function,  at  least  in  part,  by  competing  with  SINl  and  other 
HMG-like  proteins  for  DNA  binding.  Furthermore,  the  ability  of  the  SWI/SNF 
complex  to  modulate  both  DNA  structure  and  topology  may  play  a  major  role 
in  SWI/SNF-dependent  disruption  of  nucleosome  structure  or  function. 
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FIGURE  LEGENDS 


FIGURE  1.  The  yeast  SWI/SNF  complex  binds  to  DNA. 

Panel  A.  Gel  retardation  analysis.  Each  panel  shows  a  set  of  parallel  gel 
retardation  experiments  in  which  increasing  amounts  of  highly  purified 
SWI/SNF  complex  (1.5  to  6.0  nM)  were  incubated  with  0.1  nM  of  ^^P-labelled 
promoter  sequences  derived  from  both  SWI-dependent  (SUC2,  ADH2,  INOl) 
and  SWI-independent  genes  (CYCl).  Probes  used  in  these  experiments 
include:  (1)  SUC2-1,  SUC2-2  and  SUC2-3  which  contain  bases  -171  to  +14, 

-171  to  -386  and  -386  to  -712  respectively  of  the  SUC2  promoter,  (2)  the 
INOl  probe  which  encompasses  bases  -126  to  -333  of  the  INOl  promoter,  (3) 
ADH2-1,  ADH2-2  and  ADH2-3  which  contain  bases  -413  to  -182,  -182  to  -54, 

and  -54  to  +116  respectively  of  the  ADH2  promoter,  (4)  the  CYCl  fragment 
which  encompasses  bases  -249  to  +11  of  the  CYCl  promoter.  Panel  B. 
Antibody  supershifts.  DNA  binding  reactions,  that  contained  O.lnM  of  the 
SUC2-1  fragment  and  InM  SWI/SNF,  were  supplemented  with  80  ng  of  anti- 
FLAG  monoclonal  antibody  (lane  2),  80  ng  of  the  12CA5  monoclonal  antibody 
(lane  3)  or  received  no  antibody  addition  (lane  1).  Panel  C.  UV-cross  linking 
of  the  SWI/SNF  complex  to  the  SUC2-3  probe.  Lane  1,  no  UV  cross-linking; 
lane  2,  no  SWI/SNF;  lane  3,  crosslinking  of  the  SWI/SNF  complex  to  the  SUC2- 
3  sequence;  lane  4,  crosslinking  of  the  complex  in  the  presence  of  a  20-fold 
molar  excess  of  unlabelled  SUC2-3  fragment.  All  reactions  contained  6nM 
SWI/SNF  complex  and  0.1  nM  SUC2-3  fragment. 

Methods.  DNA  binding  assays  were  performed  in  15  |il  reaction  mixtures 
containing  DNA  binding  buffer  (4mM  Tris-Cl,  pH  7.4,  5mM  MgCl2,  75mM  NaCl, 
ImM  DTT,  0.05mg/ml  BSA,  4%  glycerol),  300ng  of  poly(dG-dC)  competitor 
DNA  and  0.1  nM  of  end  labelled  ^^P-probe  DNA.  The  SWI/SNF  complex  was 
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added  last,  to  give  final  concentrations  between  1.5  and  6  nM,  and  reactions 
were  incubated  for  30  minutes  at  room  temperature.  Protein-DNA  complexes 
were  resolved  on  4.5%  polyacrylamide  (80  acrylamide:!  bis-acrylamide 
ratio)/  0.4x  TBE  gels,  and  analysed  by  autoradiography.  The  SWI/SNF 
complex  was  purified  essentially  as  previously  described  ,  with  the  addition 
of  a  DNA  cellulose  column.  Peak  fractions  from  the  Mono  Q  step  (in  350  mM 
NaCl)  were  diluted  to  lOOmM  NaCl  and  loaded  onto  a  0.5ml  DNA  cellulose 
column  pre-equilibrated  in  DNA  binding  buffer.  Bound  protein  was  eluted 
with  DNA  binding  buffer  containing  300mM  NaCl,  and  then  subjected  to  gel 
filtration  as  described  previously  .  This  additional  step  resulted  in  SWI/SNF 
preparations  that  lacked  contaminating  polypeptides,  as  analysed  by  SDS- 
PAGE.  UV-crosslinking  experiments.  The  SUC2-3  probe  was  internally  labelled 
with  [a  P]dCTP,  and  bromodeoxyuridine  was  incorporated  in  place  of  dTTP 
to  increase  the  efficiency  of  cross-linking.  Standard  DNA  binding  reactions 
contained  0.1  nM  of  probe  DNA  and  6nM  of  the  purified  SWI/SNF  complex. 
Reaction  mixtures  were  UV-irradiated  as  described  previously^^,  and 
analysed  on  10%  SDS-polyacrylamide  gels. 

FIGURE  2.  Footprinting  analysis  of  the  yeast  SWI/SNF  complex. 
DNAse  I  digestion  patterns  of  the  CYCl,  ADH2-1  and  ADH2-2  probes,  either  in 
the  absence  (lanes  1,  4  &  7)  or  in  the  presence  of  6nM  (lanes  2,  5  &  8)  and 
12nM  (lanes  3,  6  &  9)  SWI/SNF  complex.  Methods.  Gel  retardation  assays 
were  scaled  up  by  a  factor  of  2,  to  which  0.2  nM  of  probe  DNA  was  added  and 
various  amounts  of  the  SWI/SNF  complex  as  described  above.  Binding 
reactions  were  incubated  for  30  minutes,  followed  by  DNAse  I  digestion  (0.03 
U)  for  1  minute  at  room  temperature.  Reactions  were  stopped  by  the  addition 
of  5  volumes  of  STOP  (5mM  Tris,  pH  7.5,  175mM  NaCl,  lOmM  EDTA,  3.5M 
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urea,  1%  SDS),  phenol/chloroform  extracted  and  ethanol  precipitated.  Samples 
were  analysed  on  8%  polyacrylamide/8M  urea  sequencing  gels. 


FIGURE  3.  The  SWI/SNF  complex  has  similar  DNA-binding 
properties  to  HMG  box  domains. 

Panel  A.  The  minor  groove  binding  reagent  distamycin  A  competes  with  the 
SWI/SNF  complex  for  binding  to  DNA.  Increasing  amounts  of  distamycin  were 
added  to  DNA  binding  reactions,  that  contained  O.lnM  labelled  SUC2-3 
fragment  and  3nM  SWI/SNF  complex,  and  its  effect  on  binding  assessed  by 
gel  mobility  shift  analysis.  Lane  1:  probe  DNA  alone,  lane  2:  probe  DNA  and . 
the  SWI/SNF  complex,  lanes  3-6  contain  a  constant  amount  of  the  SWI/SNF 
complex  with  increasing  amounts  of  distamycin  A.  Concentrations  used  were; 
lane  3:  0.1  pM  (molar  ratio  of  reagent  per  bp  =  0.4),  lane  4:  IpM  (molar  ratio 
=  4),  lane  5:  lOpM  (molar  ratio  =  40),  lane  6:  lOOpM  (molar  ratio  400).  Panel 
B.  The  SWI/SNF  complex  exhibits  a  length  dependence  upon  binding  to  DNA.“ 
The  complex  (3nM)  was  tested  for  binding  to  the  -129  to  -158  sequence  of 
the  ADH2  promoter  to  which  we  had  previously  observed  footprinting  (lane 
2),  an  80mer  (lane  4),  an  134  mer  (lane  6),  and  an  179mer  (lane  8)  all 
containing  the  -129  to  -158  sequence.  All  DNA  probes  were  present  at  O.lnM 
in  the  binding  reactions.  Panels  C  and  D.  The  SWI/SNF  complex  binds  to 
cruciform  DNA.  Panel  C  ahows  a  schematic  representation  of  the  synthetic 
cruciform  DNA  and  of  the  control  duplex  DNAs.  For  the  sequence  of  the 
oligonucleotides  see  ref.  25.  Oligonucleotides  1-4  are  partially  complementary 
to  each  other  and,  when  annealed,  assemble  to  form  a  four  way  junction 
(4WJ)  DNA  structure.  Oligonucleotides  5  &  6  are  complementary  to 
oligonucleotides  3  and  1  respectively.  On  annealing  they  form  perfectly 
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duplex  molecules  whose  sequences  are  the  same  as  half  of  the  cruciform  DNA. 
Panel  D,  gel  retardation  analysis  of  DNA  binding  reactions  in  which  the 
complex  (lanes  2,  6,  10;  1.5nM,  lanes  3,  7,  11;  3nM)  was  incubated  with  O.lnM 
of  the  cruciform  DNA  (lanes  2-4)  or  with  O.lnM  of  the  duplex  molecules 
(lanes  6-8,  and  10-12). 

Methods.  Preparation  of  probes  for  length  dependence  experiment. 
Oligonucleotides  containing  bases  -129  to  -158  of  the  ADH2  promoter  were 
annealed  to  produce  the  30bp  probe.  The  80bp  probe  was  generated  by  PCR 
amplification  of  the  -89  to  -168  sequence  of  the  ADH2  promoter.  Digestion 
of  plasmid  pHH26  with  Sail  or  EcoRI/Hindlll  released  fragments  of  134bp 
and  179bp  respectively,  that  contained  the  -129  to  -158  sequence.  - 

FIGURE  4.  SWI/SNF  introduces  positive  supercoils  into  relaxed  V 
plasmid  DNA  in  the  presence  of  bacterial  Topoisomerase  I.  • 

Panel  A.  SWI/SNF  induced  supercoiling.  Closed  relaxed  plasmid  DNA  (lanel)^ 
was  incubated  with  the  SWI/SNF  complex  and  bacterial  Topoisomerase  I  (3' 
units).  Molar  ratios  of  SWI/SNF  to  plasmid  are  indicated  above  each  set  of 
lanes.  A  ratio  of  20:1  is  3nM  SWI/SNF.  Addition  of  ATP  to  a  subset  of  the 
reactions  is  indicated.  Panel  B.  SWI/SNF  introduces  positive  supercoils. 
Plasmid  DNA  was  supercoiled  with  SWI/SNF  (3nM)  and  bacterial  Topo  I  as  in 
panel  A.  DNA  was  purified',  (lane  6)  and  retreated  with  either  bacterial  Topo  I 
(lane  7),  calf  thymus  Topo  I  (lane  8),  or  calf  thymus  Topo  II  (lane  9).  Only  the 
eukaryotic  topoisomerases  can  relax  the  SWI/SNF-induced  supercoils,  ‘ 
indicating  that  they  are  positive  supercoils.  Lanes  1-4  show  control  reactions 
in  which  negatively  supercoiled  plasmid  DNA  was  incubated  with  each 
topoisomerase  in  reaction  conditions  identical  to  lanes  7-9.  Panel  C.  A 


eukaryotic  topoisomerase  I  blocks  the  ability  of  SWI/SNF  to  introduce 
positive  supercoils.  SWI/SNF  complex  (3nM)  was  incubated  with  relaxed 
plasmid  DNA  (lanes  1,  6)  and  either  bacterial  Topo  I  (lane  2,  2  units;  lane  3, 
20  units)  or  calf  thymus  Topo  I  (lane  4,  0.3  units;  lane  5,  3  units). 

Methods.  Supercoiling  reactions  (20  ^1)  contained  20  mM  HEPES  pH7.5/7  mM 
MgC12/15  mM  KCl/0.5  mM  DTT/50  pg  per  ml  BSA/50  ng  pJH28.  Reaction 
were  incubated  for  45  minutes  at  30OC,  stopped  with  80  ul  of  STOP  (1% 
SDS/10  mM  EDTA/100  pg  per  ml  proteinase  K/  50  pg  per  ml  tRNA  and 
incubated  for  30  minutes  at  370C.  Samples  were  extracted  with 
phenol/chloroform,  ethanol  precipitated,  and  samples  were  analyzed  on  0.8% 
agarose  gels  and  Southern  analysis.  Blots  were  probed  with  pJH28  labele^^ 
with  a32p.dCTP  by  random  priming.  Plasmid  pJH28  contains  SUC2  sequences^ 
from  -1100  to  +14  in  plasmid  pRS316.  .  .  W, 
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ADH2.1  'l^^AAATAGAGTGCCAGTAGCGACTTTTTTCAC'l^^ 

ADH2-2  +'7'7tTCCAAAGCCAAAGCCCAACG+^'7 

CYCl-a  "l^^ACGACACATGATCATATGGCATGCATGTGCTCTGTATGTATArll9 
CYCl-b  TAGCGTGGATGGCCAGGCAACTTT’l^^ 

TABLE  1.  Sequence  comparison  of  SWI/SNF  binding  sites. 


REFERENCES 

1.  Winston,  F.  &  Carlson,  M.  Trends  Genet.  S,  387-391  (1992). 

2.  Peterson,  C.L.  &  Tamkun,  J.W.  TIBS  20,  143-146  (1995). 

3.  Kruger,  W.  &  Herskowitz,  I.  Mol  Cell  Biol  11,  4135-4146  (1991). 

4.  Hirschhom,  J.N.,  Brown,  S.A.,  Clark,  C.D.  &  Winston,  F.  Z)ev.  6, 
2288-2298  (1992). 

5.  Kruger,  W.,  Peterson,  C.,  Sil,  A.,  Coburn,  C.,  Arents,  G.,  Moudrianakis,  E.N. 

&  Herskowitz,  I.  Genes  Dev.  in  press. 

6.  Laurent,  B.C.,  Treich,  I.  &  Carlson,  M.  Genes  Dev.  7,  583-591  (1993). 

7.  Cote,  J.,  Quinn,  J.,  Workman,  J.L.  &  Peterson,  C.L.  Science  265,  53-60, 

1994. 

..5r^ 

8.  Grosschedl,  R.,  Giese,  K.  &  Pagel,  J.  Genet.  10,  94-100,  1994. 

9.  Cairns,  B.R.,  Kim,  Y-J.,  Sayre,  M.H.,  Laurent,  B.C.  &  Komberg,  R.D.  Proc. 

Natl  Acad.  Scl  USA.  91,  1950-1954  (1994). 

10.  Treich,  I.,  Cairns,  B.R.,  Santos,  T.,  Brewster,  E.  &  Carlson,  M.  Mol  Cell 
Biol  15,  4240-4248  (1995). 

11.  Laurent,  B.C.,  Treitel,  M.A.  &  Carlson,  M.  Mol  Cell  Biol  10,  5616-5625 
(1990). 

12.  Peterson,  C.L.  &  Herskowitz,  I.  (1992)  Cell  68,  573-583. 

13.  Van  de  Wetering,  M.  &  Clevers,  H.  EMBO  J.  11,  3039-3044  (1992). 

14.  Copenhaver,  G.P.,  Putnam,  C.D.,  Denton,  M.L.  &  Pikaard,  C.S.  Nuc.  Acids 
Res.  22,  2651-2657  .(1992). 

15.  Werner,  M.H.,  Huth,  J.R.,  Gronenbom,  A.M.  &  Clore,  G.M.  Cell  81,  705- 

714  (1995). 

16.  Pil,  P.M.,  Chow,  C.S.  &  Lippard,  S.J,  Proc.  Natl  Acad.  Scl  USA.  90,  9465- 
9469  (1993). 

17.  Putnam,  C.D.  &  Pikaard,  C.S.  Mol  Cell  Biol  12,  4970-4980  (1992). 

1  3 

I 


18. 

19. 

20. 
21. 

22. 

23. 

24. 

25. 


Bianchi,  M.E.,  Beltrame,  M.  &  Paonessa,  G.  Science  243,  1056-1059 
(1989). 

Pil,  P.M.  &  Lippard,  S.J.  Science  256,  234-237  (1992). 

Lilley,  D.M.J.  Nature  357,  282-283  (1992). 

Stros,  M.,  Stokrova,  J.  &  Thomas,  J.O.  Nuc.  Acid  Res.  22,  1044-1051 
(1994). 


Fisher,  R.P.,  Lisowsky,  T.,  Parisi,  M.A.  &  Clayton,  D.A.  /.  Biol.  Chem.  267, 
3358-3367  (1992). 

Diffley,  J.F.X.  &  Stillman,  B.  J.  Biol.  Chem.  267,  3368-3374  (1992). 


Peterson,  C.L.,  Eaton,  S.  &  Calame,  K.  Mol.  Cell.  Biol.  8,  4972-4980  (1988)JWt 


Bianchi,  M.E.  EMBO  J.  7,  843-849  (1988). 


ACKNOWLEDGEMENTS. 

We  thank  E.T.  Young  for  the  gift  of  plasmid  HH26  and  J.  Hirschhorna  and  F. 
Winston  for  plasmid  pJH28;  G.  Viglianti,  S.  Stern,  and  members  of  the 
Peterson  laboratory  for  discussions  and  comments  on  the  manuscript.  We 
thank  G.  Felsenfeld  for  suggesting  the  Calf  Thymus  Topo  I  experiment  to 
distinguish  models  for  SWI/SNF-induced  supercoiling.  This  work  was 
supported  by  grants  to  C.L.P  from  the  NIH  and  the  March  of  Dimes  Birth 
Defects  Foundation.  J.Q  is  a  Fellow  and  C.  L.  P.  is  a  Scholar  of  the  Leukemia 
Society  of  America. 


Design  of  a  Potent  Geranylgeranyltransferase  I  Inhibitor: 
Disruption  of  Oncogenic  K-Ras4B  Processing  and  Signaling 


Edwina  Lemerf,  Yimin  Qian$,  Andrew  D.  Hamilton$,  and  Said  M.  Sebtif 


tDepartment  of  Pharmacology,  School  of  Medicine,  and  ^Department  of  Chemistry, 
Faculty  of  Arts  and  Sciences,  University  of  Pittsburgh,  Pittsburgh,  PA  15261 


Running  Title:  GGTase  I  Inhibitor  Disrupts  Oncogenic  K-Ras4B  Processing  and  Signaling 

This  work  was  supported  by  NIH  grants  U19-CA677701  and  CA-55823.  ECL  is  a  recipient  of  a 
predoctoral  fdlowship  award  from  the  United  States  Army  Medical  Researdi  and  Development 
Command.  YQ  is  a  recipient  of  a  predoctoral  fellowship  from  the  Andrew  Mdlon  Foundation. 

Reprint  requests  should  be  addressed  to  Dr.  Said  M.  Sebti  and/or  Dr.  Andrew  D.  Hamilton. 


The  abbreviations  used  are:  FTase,  famesyltransferase;  GGTase  I,  geranylgeranyltransferase  I;  PAGE, 
polyacrylamide  gel  electrophoresis;  MAPK,  mitogen  activated  protein  kinase;  CAAX,  tetrap^tide  where 
C  =  cysteine,  A  =  aliphatic  amino  acid,  and  X  =  serine  or  methionine;  FTI,  femesyltransferase 
inhibitor;  GGTI,  geranylgeranyltransferase  inhibitor;  DTT,  dithiothreitol;  PMSF,  phenylmethylsulfonyl 
fluoride 


Acknowledgements:  We  wish  to  thank  Drs.  Channing  Der  and  Adrienne  Cox  for  providing  H-  and  K- 
Ras  transformed  cell  lines.  We  would  also  like  to  thank  Dr.  Andreas  Vogt  for  carrying  out  FTase  and 
GGTase  I  assays,  and  Dr.  Terence  McGuire  for  critical  reading  and  valuable  discussion. 


Abstract 


Prenylation  of  the  carboxyl  terminal  CAAX  (C= cysteine,  A = aliphatic  and  X=any  amino  acid) 
of  Ras  is  required  for  its  biological  activity.  We  have  designed  a  CAAX  p^tidomimetic,  GGTI-287, 
which  is  10  times  more  potent  towards  inhibiting  geranylgeranyltransfn^e  I  (GGTase  I)  in  vitro  (ICjo=5 
nM)  than  our  previously  r^K>rted  famesyltransferase  (PTase)  inhibitor,  FTI-276.  In  whole  cells,  the 
methyl  ester  derivative  of  GGTI-287,  GGTI-286,  was  25-fold  more  potent  (ICjo=2  fuM)  than  the 
corresponding  methyl  ester  of  FTI-276,  Fn-277,  towards  inhibiting  _Ae  girocessing  of  the 
geranylgeranylated  protein  R2q)lA.  Furthermore,  GGTIt286  is  highly  selective  for  geranylgeranylation 
over  famesylation  since  it  inhibited  the  processing  of  famesylated  H-Ras  only  at  much  higher 
concentrations  (IC5o>30  /iM).  While  the  processing  of  H-Ras  was  very  sensitive  to  inhibition  by  FTI- 
277  (ICjo=  100  nM),  that  of  K-Ras4B  was  highly  resistant  (ICjo=  10  /tM).  In  contrast,  we  found  the 
processing  of  K-Ras4B  to  be  much  more  sensitive  to  GGTI-286  (IC5o=2  fiM).  Furthermore,  oncogenic 
K-Ras4B  stimulation  of  MAP  Kinase  was  inhibited  potently  by  GGTI-286  (ICjo=  1  /iM)  but  weakly  by 
FTI-277  (ICjo=30  /tM).  Signiticant  inhibition  of  oncogenic  K-Ras4B  stimulation  of  MAP  kinase  by 
GGTI-286  occurred  at  concentrations  (1-3  /iM)  that  did  not  inhibit  oncogenic  H-Ras  stimulation  of  MAP 
kinase.  The  data  presented  in  this  manuscript  provide  the  first  demonstration  of  selective  disruption  of 
oncogenic  K-Ras4B  processing  and  signaling  by  a  CAAX  pq)tidomimetic.  The  higher  sensitivity  of  K- 
Ras4B  towards  a  GGTase  I  inhibitor  has  a  tremendous  impact  on  future  research  directions  targeting  Ras 
in  anticancer  therapy. 
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Introduction 


Ras  is  a  small  guanine  nucleotide  binding  protein  that  cycles  between  its  active  (GTP-bound)  and 
inactive  (GDP-bound)  forms  to  transduce  growth  and  differentiation  signals  from  receptor  tyrosine  kinases 
to  the  nucleus  (1,2).  Binding  of  epidermal  and  platelet-drived  growth  factors  to  their  receptor  tyrosine 
kinases  results  in  autophosphorylation  and  recruitment  of  key  signaling  proteins  to  the  rec^tor.  Among 
these  proteins  are  the  Ras  exchange  factors  that  activate  Ras  by  catalyzing  the  exchange  of  GDP  for  GTP. 
GTP-bound  Ras  activates  a  cascade  of  mitogen-activated  protein  (MAP)  kinases  by  recruiting  Raf  to  the 
plasma  membrane.  Raf,  a  serine/threonine  kinase,  phosphorylates  MEK,  which  in  turn,  activates  MAP 
kinase  by  phosphorylating  it  on  threonine  and  tyrosine.  Hyperphosphorylated  MAP  kinase  translocates 
to  the  nucleus  where  it  phosphorylates  ti'anscription  factors  that  are  involved  in  the  regulation  of  growth- 
related  genes.  Hie  growth  signal  is  terminated  wdien  Ras  hydrolyzes  GTP  to  GDP  (1-3).  However, 
mutations  that  lock  Ras  in  its  GTP-bound  form  result  in  an  uninterrupted  growth  signal  and  are  believed 
to  contribute  to  the  devdopment  of  more  than  one  third  of  human  cancers  (4,5). 

In  order  for  Ras  to  transduce  its  normal  and  oncogenic  signal  it  must  be  anchored  to  the  plasma 
membrane,  which  is  accomplished  by  posttranslational  modifications  that  increase  its  hydrophobicity 
(6-8).  A  key  step  in  this  process  is  catalyzed  by  famesyltransferase  (FTase),  an  enzyme  that  transfers 
famesyl  from  famesylpyrophosphate,  a  cholesterol  biosynthesis  intermediate,  to  the  cysteine  of  the 
carboxyl  terminal  CAAX  of  Ras  (C= cysteine,  A = aliphatic  amino  acid  and  X= serine  or  threonine) 
(9,10).  A  closely  related  enzyme,  geranylgeranyltransferase  I  (GGTase  I),  attaches  the  lipid 
geranylgeranyl  to  the  cysteine  of  the  CAAX  box  of  proteins  where  X  is  leucine  (11,12).  FTase  and 
GGTase  I  are  at^  heterodimers  that  share  the  a  subunit  (13,14).  Cross-linking  experiments  suggested 
that  both  substrates  (FPP  and  Ras  CAAX)  interact  with  the  jS  subunit  of  FTase  (15,16).  Although 
GGTase  I  prefers  leucine  at  the  X  position,  its  substrate  specificity  was  shown  to  overlap  with  that  of 
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FTase  in  vitro  (17).  Furthermore,  GGTase  I  was  also  able  to  transfer  farnesyl  to  a  leucine  terminating 
peptide  (18). 

Because  famesylation  of  Ras  is  required  for  its  oncogenic  activity,  we  (19-22)  and  others  (23-27) 
have  designed  potent  inhibitors  of  FTase  as  potential  anticancer  drugs.  These  inhibitors  are  CAAX 
peptidomimetics  which  show  great  selectivity  for  FTase  over  GGTase  I  in  vitro  and  selectively  block  the 
processing  of  farnesylated  but  not  geranylgeranylated  proteins  in  whole  cells  (22).  Furthermore,  FTase 
inhibitors  can  selectively  block  oncogenic  Ras  signaling  and  reverse  malignant  phenotype  at  concentrations 
that  do  not  affect  normal  cells  (24,25).  However,  mammalian  cells  express  four  types  of  Ras  proteins 
(H-,  N-,  KA-  and  KB-Ras)  among  which  K-Ras4B  is  the  most  frequently  mutated  form  of  Ras  in  human 
cancers  (4,5).  Although  several  laboratories  have  demonstrated  potent  inhibition  of  oncogenic  H-Ras 
processing  and  signaling  (26,28),  this  disruption  has  not  been  shown  with  K-Ras4B.  Hence,  a  drawback 
of  the  previous  studies  is  the  use  of  H-Ras  and  not  K-Ras4B  as  a  target  for  the  development  of  these 
inhibitors.  Recently,  we  have  shown  that  a  potent  inhibitor  of  FTase  disrupts  K-Ras4B  processing  but 
only  at  very  high  concentrations  that  also  inhibited  die  processing  of  geranylgeranylated  proteins  (29). 
Tliis  suggested  that  K-Ras4B  may  be  geranylgeranylated,  particularly  in  cells  vdiere  FTase  is  inhibited. 
Consistent  with  this  possibility  is  the  recent  observation  that  K-Ras4B  can  be  geranylgeranylated  in  vitro, 
but  its  K„  for  GGTase  I  is  7  times  higher  than  its  K„.  for  FTase  (30).  GGTase  I  CAAX-based  inhibitors 
that  can  block  geranylgeranylation  processing  have  not  been  reported.  In  the  present  study,  we  have 
designed  a  CAAX  peptidomimetic  that  selectively  inhibits  GGTase  I  and  demonstrate  that  oncogenic  K- 
Ras4B  processing  and  signaling  is  disrupted  at  concentrations  that  affect  geranylgeranylation  but  not 
farnesylation  processing. 
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Experimental  Procedures 


Synthesis  of  FTase  and  GGTase  I  Inhibitors  -  Peptidomimetics  Fn-276  and  Fn-277  were  prepared 
as  previously  described  (29).  The  GGTase  I  inhibitors  GGTI-287  and  286  were  prepared  from  2-phenyl- 
4-nitrobenzoic  acid  (29)  by  reaction  with  L-leucine  methyl  ester  followed  by  reduction  with  stannous 
chloride.  The  resulting  4-amino-2-phenylbenzoyl  leucine  methyl  estw  was  reacted  with  N-Boc-S-trityl- 
cysteinal  and  deprotected  by  procedures  similar  t#  these^lescribed  for  the  FTase  inhibitors  (29)  to  give 
GGTI-286  and  -287  as  their  hydrochloride  salts.  ^ 

FTase  and  GGTase  I  Activity  Assay  -  FTase  and  GGTase  I  activities  from  60,000  x  g  supernatants  of 
human  Burkitt  lymphoma  (Daudi)  cells  (ATCC,  RockvUle,  MD)  were  assayed  exactiy  as  described 
previously  for  FTase  (22).  Inhibition  studies  were  performed  by  determining  the  ability  of  Ras  CAAX 
peptidomimetics  to  inhibit  tihe  transfer  of  pH]-famesyl  and  I^H]-geranylgeranyl  from  pH]FPP  and 
pHJGGPP  to  H-ras-CVLS  and  H-Ras-CVLL,  respectively  (22). 

Ras  and  RaplA  Processing  Assay  -  H-Ras  cells  (31)  and  K-Ras4B  cells  (32)  were  kind  gifts  from  Dr. 
Channing  Der  and  Dr.  Adrienne  Cox  (University  of  North  Carolina,  Chapel  Hill).  Cells  were  seeded 
on  day  0  in  100  mm  dishes  in  Dulbecco’s  modified  Eagles  medium  supplemented  with  10%  calf  serum 
and  1%  pen/strep.  On  days  1  and  2,  cells  were  refed  with  medium  containing  various  concentrations  of 
FTI-277,  GG'n-286  or  vdiicle  (10  mM  DTT  in  DMSO).  On  day  3,  celis  were  washed  and  lysed  in  lysis 
buffer  containing  50  mM  HEPES,  pH  7.5,  10  mM  NaCl,  1%  TX-lOO,  10%  glycerol,  5  mM  MgClj,  1 
mM  EGTA,  25  ug/ml  leupeptin,  2  mM  PMSF,  2  mM  NajVO^,  1  mg/ml  soybean  trypsin  inhibitor,  10 
ug/ml  aprotinin,  6.4  mg/ml  Sigma-104®  phosphatase  substrate.  Lysates  were  cleared  (14,000  rpm,  4°C, 

15  min)  and  equal  amounts  of  protein  were  separated  on  a  12.5%  SDS-PAGE,  transferred  to 
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nitrocellulose,  and  immunoblotted  using  an  anti-Ras  antibody  (Y13-259,  ATCC)  or  an  anti-RaplA 
antibody  (SC-65,  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  Antibody  reactions  were  visualized  using 
either  peroxidase-conjugated  goat  anti-rat  IgG  (for  Y13-259),  or  peroxidase-conjugated  goat  anti-rabbit 
IgG  (for  RaplA)  and  an  enhanced  chemiluminescence  detection  system  (ECL,  Amersham  Corp.),  as 
described  previously  (22). 

MAP  Kinase  Immunoblotting  -  Cells  were  treated  with  Fn-277,  GGTI-286,  or  vdiicle  and  lysed  as 
previously  described  for  Ras  and  RaplA  processing.  Equal  amounts  of  protein  were  separated  on  a  15% 
SDS-PAGE,  transferred  to  nitrocellulose,  and  immunoblotted  using  an  anti-MAP  kinase  antibody  (erk2, 
monoclonal,  UBI,  Lake  Placid,  NY).  Antibody  reactions  were  visualized  using  peroxidase-conjugated 
donkey  anti-mouse  IgG  (Jackson  ImmunoResearch  Laboratories  Inc.,  West  Grove,  PA)  and  an  enhanced 
chemiluminescence  detection  system  (ECL,  Amersham  Corp.). 

Results  and  Discussion 

The  carboxyl  terminal  CAAX  tetrapeptide  of  Ras  is  a  substrate  for  FTase  and  serves  as  a  target 
for  designing  inhibitors  of  this  enzyme  with  potential  anticancer  activity  (23).  We  have  recently  made 
a  highly  potent  (ICjo=500  pM)  inhibitor  of  FTase,  FTI-276  (Fig.  1)  (29).  Its  cell-permeable  methylester 
FTI-277  inhibited  H-Ras  processing  in  whole  cells  with  an  IC50  of  100  nM  (29).  Furthermore,  FTI-276 
is  highly  selective  (100-fold)  for  FTase  over  GGTase  I  (Table  1).  Although  oncogenic  H-Ras  processing 
and  signaling  were  exquisitely  sensitive  to  FTI-277,  those  of  K-Ras4B  were  highly  resistant.  However, 
at  high  concentrations  of  FTI-277,  when  the  processing  of  the  geranylgeranylated  RaplA  protein  was 
inhibited,  K-Ras4B  processing  was  also  inhibited  (29).  We,  therefore,  set  out  to  determine  whether  a 
GGTase  I-selective  inhibitor  would  disrupt  K-Ras4B  processing  and  signaling.  Our  approach  involved 


6 


r^Iacing  the  central  "AA"  of  CAAX  tetrapeptides  by  a  hydrophobic  spacer  and  incorporating  a  leucine 
residue  in  the  C-terminal  position  to  optimize  recognition  by  GGTase  I.  We  herein  report  a  CAAL 
p^tidomimetic,  GGTI-287,  where  reduced  cysteine  is  linked  to  leucine  by  2-phenyl-4-amino  benzoic  acid 
(Fig,  1).  The  phenyl  substituent  was  designed  to  occupy  the  hydrophobic  “AA"  binding  pocket  that  must 
be  present  in  the  enzyme,  GGTI-287  potently  inhibited  GGTase  I  in  vitro  (lCso=5  nM)  and  was  selective 
towards  inhibiting  GGTase  I  over  FTase  aC5o=25  nM)  (Table  1),  Thus,  the  substitution  of  methionine 
in  FTI-276  by  a  leucine  in  GGTI-287  (Fig,  1)  increased  the  potency  towards  GGTase  I  by  approximately 
10-fold  (Table  1),  More  importantly,  it  reversed  the  selectivity  from  a  FTase  to  a  GGTase  I-specific 
mhibitor  by  a  factor  of  500  (Table  1),  To  determine  whedier  this  selectivity  is  respected  in  whole  cells, 
we  have  synfliesized  the  cell-permeable  methyl  ester  derivative  of  GGTI-287,  GGTI-286  (Fig,  1),  and 
treated  NIH  3T3  cells  which  overexpress  oncogenic  H-Ras-CVLS  (31)  with  GGTI-286  (0-30  /*M),  Cell 
lysates  were  electrophoresed  on  SDS-PAGE  and  immunoblotted  with  an  anti-Ras  antibody  as  described 
under  "Experimental  Procedures",  Figure  2  shows  that  accumulation  of  unprocessed  H-Ras  did  not  occur 
until  30  /tM  GGTI-286,  Therefore,  GGTI-286  is  not  a  good  inhibitor  of  H-Ras  processing  in  whole  cells. 
However,  GGTI-286  was  a  very  potent  inhibitor  of  the  processing  of  the  geranylgeranylated  RaplA 
protein  (ICjo=2  /tM)  (Fig,  2),  Thus,  GGTI-286  is  more  than  15-fold  selective  for  inhibition  of 
geranylgeranylation  over  farnesylation  processing  (Table  1),  This  data  is  in  direct  contrast  to  the  FTase 
specific  inhibitor  FTI-277  which  inhibited  H-Ras  and  RaplA  processing  with  ICjoS  of  100  nM  and  50 
.  fiM,  respectively  (Fig,  2),  Thus,  GGTI-286  is  25-foId  more  potent  than  FTI-277  at  inhibiting 
geranylgeranylation  in  whole  cells  (Table  1). 

We  next  evaluated  the  ability  of  GibTI-286  to  inhibit  the  processing  and  signaling  of  oncogenic 
K-Ras4B,  NIH  3T3  cells  which  overexpress  oncogenic  K-Ras4B  (32)  were  treated  with  either  GGTI-286 
(0-30  fiM)  or  FTI-277  (0-30  /iM)  and  the  lysates  were  immunoblotted  with  an  anti-Ras  antibody  as 
described  under  "Experimental  Procedures".  Figure  3  shows  that  GGTI-286  inhibited  potently  the 


7 


processing  of  K-Ras4B  with  an  IC50  of  2  /iM.  The  ability  of  GGTl-286  to  inhibit  the  processing  of  K- 
Ras4B  was  much  closer  to  its  ability  to  inhibit  the  processing  of  geranylgeranylated  RaplA  (IC^=2  fiM) 
than  that  of  farnesylated  H-Ras  (IC5o>  30  /ttM)  (Fig.  2)  (Table  1).  This  suggested  that  K-Ras4B  might 
be  geranylgeranylated.  Consistent  with  this  is  the  fact  that  K-Ras4B  processing  was  very  resistant  to  the 
FTase-specific  inhibitor  FTI-277  (IC5o=  10  fiM)  (Fig.  3).  Furthermore,  GGTI-286  inhibited  K-Ras4B 
processing  at  concentrations  (1-3  ^M)  (Fig.  3)  that  had  no  effect  on  the  processing  of  farnesylated  H-Ras 
(Fig.  2).  These  results  are  not  consistent  with  the  work  of  Casey  et  al  (7)  jvho  used  pH]  mevalonic  acid 
to  label  cellular  proteins  and  provided  evidence  for  ^  farnesylated  K-Ras4B  based  on  HPLC  of  the 
radiolabelled  prenyl  group.  However,  mass  of  the  prenyl  group  in  these  studies  was  not  determined  and 
this  may  have  led  to  an  erronious  conclusion. 

To  determine  whether  inhibition  of  K-Ras4B  processing  by  GGTI-286  results  in  disruption  of 
oncogenic  signaling,  we  evaluated  the  ability  of  GGTI-286  to  antagonize  oncogenic  K-Ras  4B  constitutive 
activation  of  MAP  kinase.  Activated  MAP  kinase  is  hyperphosphorylated  and  migrates  slower  than 
hypophosphorylated  (inactive)  MAP  kinase  on  SDS-PAGE  (26,29).  Figure  4  shows  that  K-Ras4B 
transformed  cells  contained  mainly  activated  MAP  kinase.  Treatment  of  these  cells  with  the  FTase- 
specific  inhibitor  FTI-277  (0-30  /iM)  did  not  inhibit  MAP  kinase  activation  until  30  fiM  (Fig.  4).  In 
contrast,  GGTI-286  inhibited  MAP  kinase  activation  with  an  ICjo  of  1  /tM  and  the  block  was  complete 
at  10  jaM.  Thus,  GGTI-286  blocked  oncogenic  K-Ras4B  MAP  kinase  activation  at  a  concentration  (10 
|tM)  where  FTI-277  had  no  effect.  In  contrast,  oncogenic  H-Ras  activation  of  MAP  kinase  was  inhibited 
only  slightly  by  GGTI-286  whereas  FTI-277  completely  blocked  this  activation  at  3  /xM  (Fig.  4). 
Furthermore,  GGTI-286  blocked  K-Ras^  activation  of  MAP  kinase  at  a  concentration  (10  /iM)  that  had 
little  effect  on  H-Ras  activation  of  MAP  kinase  (Fig.  4).  It  should  be  noted  that  GGTI-286  was  not  toxic 
to  cells  at  concentrations  as  high  as  10  /iM.  However,  at  higher  concentrations  (30  /iM),  GGTI-286  did 
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show  some  signs  of  toxicity  as  reflected  by  a  rounded  morphology  of  the  cells.  TTius,  GGTI-286  was 
not  toxic  at  concentrations  (10  fiM)  that  resulted  in  complete  inhibition  of  MAP  kinase  activation. 

Recently,  we  have  demonstrated  tiiat  the  FTase-specific  inhibitor  Fn-277  inhibits  oncogenic  H- 
Ras  processing  and  signaling  (29)  and  blocks  in  vivo  tumor  growth  of  H-Ras  transformed  NIH  3T3  cells 
and  a  human  lung  carcinoma  that  expresses  a  K-RasA  mutation  (33).  However,  processing  of  K-Ras4B 
was  inhibited  by  Fn-277  only  at  high  concentrations  similar  to  those  needed  to  inhibit  the  processing  of 
the  geranylgeranylated  protein  RaplA  (29).  In  the  present  study,  we  have  described  the  design  of  a 
geranylgeranylation-specific  inhibitor  and  its  effects  on  oncogenic  K-Ras4B  processing  and  signaling. 
Our  results  demonstrate  that  oncogenic  K-Ras4B  processing  and  constitutive  activation  of  MAP  kinase 
are  potently  inhibited  by  a  GGTase-I-selective  inhibitor  (GGTI-286)  but  are  resistant  to  one  selective  for 
FTase  (Fn-277).  This  is  in  direct  contrast  to  the  processing  and  signaling  of  oncogenic  H-Ras  which 
was  very  sensitive  to  Fn-277  and  highly  resistant  to  GGn-286.  The  resistance  of  K-Ras4B  to  disruption 
by  FTase  inhibitors  could  be  explained  by  the  50-fold  higher  affinity  of  K-Ras4B  for  FTase  compared 
to  H-Ras  (30).  Our  current  data  strongly  suggest,  however,  that  K-Ras4B  may  be  resistant  to  FTase 
inhibition  because  it  is  posttranslationally  processed  by  a  geranylgeranyl  rathw  than  a  famesyl  group. 
This  is  consistent  with  the  recent  observation  that  in  vitro  K-Ras4B  can  be  geranylgeranylated  by  GGTase 
I  (30).  Although  this  previous  work  shows  that  K-Ras4B  is  a  7  times  better  substrate  in  vitro  for  FTase 
(K,„=0.2  fiM)  than  GGTase-I  (K,„=1.5  /tM)  (30),  our  data  suggest  that,  in  cultured  cells,  K-Ras4B  is 
geranylgeranylated.  This  is  supported  by  the  fact  that  GGn-286  inhibited  oncogenic  K-Ras4B  processing 
and  MAP  kinase  activation  at  concentrations  (1  and  3  fiM)  that  did  not  affect  famesylation-dependent 
processing. 

The  results  presented  in  this  study  are  critical  to  the  further  design  and  development  of  inhibitors 
of  Ras  prenylation  as  potential  anticancer  agents.  The  results  identify  the  GGTase  I-specific  inhibitor 
GGTI-286  as  a  small  molecule  capable  of  antagonizing  selectively  oncogenic  K-Ras4B  (not  H-Ras) 
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signaling.  This  is  a  key  finding  since  K-Ras4B  is  the  most  frequently  identified  mutated  Ras  in  human 
cancers  and  its  function  has  been  resistant  to  FTase  inhibitors.  Finally,  the  availability  of  K-Ras4B- 
selective  inhibitors  (i.e.,  GGTI-286)  in  addition  to  H-Ras-selective  inhibitors  (i.e.  Fn-277)  will  enhance 
our  understanding  of  the  distinctive  roles  of  these  two  forms  of  Ras  in  normal  and  oncogenic  signaling. 
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Figure  1.  CAAX  peptidomimetic  structures. 

Structures  of  VYl-lWin  and  GGTI-287/286. 

Figure  2.  Disruption  of  H-Ras  and  RaplA  processing. 

NIH  3T3  cells  that  overexpress  oncogenic  H-Ras  were  treated  with  various  concentrations 
of  FTI-277  (0-50  /tM)  or  GGTI-286  (0-30  ftM).  The  cells  were  lysed  and  the  lysates 
were  electrophoresad  on  SDS-PAGE  and  immunoblotted  with  either  anti-Ras  or  anti- 
RaplA  antibodies  as  described  under  "Experimental  Procedures".  U  and  P  designate 
unprocessed  and  processed  forms  of  the  proteins.  Data  are  representative  of  three 
independent  experiments. 

Figure  3.  Disruption  of  K-Ras4B  processing. 

NIH  3T3  cells  that  overexpress  oncogenic  K-Ras4B  were  treated  with  Fn-277  or  GGTI- 
286  (0-30  /iM).  The  cells  were  lysed  and  the  lysates  were  electrophoresed  on  SDS- 
PAGE  and  immunoblotted  with  anti-Ras  antibodies  as  described  under  "Experimental 
Procedures".  U  and  P  designate  unprocessed  and  processed  forms  of  Ras.  The  data  are 
representative  of  three  independent  experiments. 

Figure  4.  Inhibition  of  oncogenic  activation  of  MAP  Kinase. 

NIH  3T3  cells  that  overexpress  either  oncogenic  H-Ras  or  K-Ras4B  were  treated  with 
either  FTI-277  or  GGTI-286  (0-30  ^M).  The  cells  were  lysed  and  the  lysates  were 
electrophoresed  on  SDS-PAGE  and  immunoblotted  with  an  anti-MAP  kinase  antibody. 
P-MAPK  designates  hyperphosphorylated  MAP  kinase.  The  data  are  representative  of 
three  independent  experiments. 
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Ras-lndnced  malignant  tranafonnatlon  reqalres  Raa 
fhmeaylatlon,  a  lipid  poattranalatf onal  modification  cat¬ 
alyzed  by  ft^rneayltransferare  ITTaae).  Iniiibitora  of  thia 
enzyme  liavobeen  shown  to  block  Ras-dependent  trans¬ 
formation,  but  the  mechanism  by  which  this  ocenn  re- 
mains  largehr  unknown.  We  have  designed  FI1-27&  a 
p^tMe  mimetio  of  the  GOOH-terminal  Qys-Val-Ile-Met 

^•Ras4B  that  inhibited  potently  Flhse  in  idtroaCM  - 

000  ^  and  was  hlglOy  selective  for  FTase  over 
nylgeranyltransferase  I  (GGTase  0  aCao  »  W  an).  FTI- 
277,  the  methyl  ester  derivative  of  FTI-276L  was  ex¬ 
tremely  potent  aCgo  »  100  nn)  at  inhlbitlag  H-Ras,  but 
not  the  geranylgeranylated  RapU  processing  in  whole 
ce^.  fitment  of  H-Ras  oncogene-transformed  NIH 
3TO  cells  with  FTr-277  blocked  recruitment  to  the 
plasma  membrane  and  subsequent  activation  of  the  ser. 
Ine/threonlne  kinase  o-Raf-l  in  cells  transformed  by  far- 
geranylgeranylated,  Ras  (H- 
KasGG),  FlI-277  Induced  accumulation  of  cytoplasmic 
non-famesylated  H-Ras  that  was  able  to  bind  Raf  and 
form  cytoplasmic  Ras/Raf  complexes  in  which  Raf  ki¬ 
nase  was  not  activated.  Purthermore,  Fn-277  blocked 
constitutive  activation  of  mitogen-activated  protein  Id- 
^e  (MAPK)  in  H-RasF,  but  not  H-RasGO,  or  Raf-trans- 
formed  cells.  Pn.277  also  inhibited  oncogenic  K-Ras4B 
processing  and  constitutive  activation  of  MAPK,  but  the 
concentrations  required  were  100-fold  higher  than 
those  needed  for  H-Ras  Inhibition.  The  results  demon¬ 
strate  that  F2T-277  blocks  Ras  oac^enic  sigDaUng  by 
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accumiUatlng  inactive  Rasmaf  complexes  in  the  cyto- 
“ence  preventing  constitutive  activation  of  the 
MAPK  cascade. 


Ras  proteins  are  plasma  membrane-assodatedOTPases  that 

toction  as  relay  switches  transducing  biological  information 
nom  mrtracellular  signals  to  the  nucleus  (for  review,  see  Refs. 
/,  ^  proteins  cycle  between  the  GDP 

(inactive)-  and  GTP  (active)-bound  forms  to  regulate  prolifera¬ 
tion  and  differentiation.  The  mechanism  by  which  extracellular 
such  as  epidermal  and  platelet-derived  growth  factor, 
transduce  their  biological  Information  to  the  nucleus  via  Ras 
proteins  has  recently  been  unraveled.  Binding  of  these  growth 
fi^r^  tyrosine  kinase  receptors  results  in  autophosphoryl¬ 
ation  of  various  tyrosines  which  bind  are-homology  2  (SH2) 
domains  of  several  signaling  proteins.  One  of  these,  a  cytoplas- 
mic  conaplex  of  GRB-2  and  a  Ras  exchmger  (SOS-1),  is  ro- 
cruitod  by  the  fyiosine-phosphoiylated  receptor,  where  SOS-1 
exchange  of  GDP  for  GTP  on  Ras,  hence  aedvat- 
ing  it  GTP-bound  Ras  recruits  o-Raf-l,  a  serine/threonine  ki¬ 
nase,  to  the  plasma  membrane  where  its  Irinase  activity  is 
activated  by  as  yet  undetermined  membrane-asaodated 
events.  ^  triggers  a  kinase  cascade  by  phosphorylating  MAP 
i*mse  kinaM(MEFO  wMdi,  in  turn,  phosphorylates  MAPiS^ 
threonine  and  tyrosine  residues.  Activated  MAPK  translocates 
to  the  nudeus  whereit  phosphoiylates  transoiption  facton.  In 
alarge  number  of  human  cancers,  Ras  is  locked  in  its  GTP- 
bound  fbtm  due  to  mutations  in  amino  adds  12, 13,  or  61  (4, 6X 
As  a  result,  the  Rai  pathway  no  longer  requires  an  upstream 
giowth^signal,  is  uninterrupted  and  the  ensymes  in  this  path- 

such  as  Raf,  MEK,  and  MAPK  are  constitutively  activated 
(1-6). 

In  addition  to  its  Inability  to  hydrolyze  GTP,  oncogenic  Ras 

assodate  with  the  plasma  membrane  to  cause  malignant 
trensfonnation  (6-8).  Ras  membrane  association  is  mediated 
Hirough  a  series  of  posttranslational  modifications  (9-12),  The 
^  step  is  catalyzed  by  a  cytosolic  heterodimer  famesyltrans- 
ferase  (FTase),  which  attaches  farnesyl  to  the  thiol  group  of 
cysteme  of  the  carboxyl-terminal  tetrapeptide  C:;AAX’,  where  A 
is  isoleudne  or  valine  and  X  Is  serine  or  methionine  (13-16). 
Because  famesylation  Is  required  and  suffident  for  Ras  trans¬ 
formation  (8,  17),  FTase  is  an  attractive  target  for  the  devel- 
^ment  of  a  potential  new.  class  of  anti-cancer  agents  (18, 19) 
^though  GA^  peptides  an  potent  competitive  inhibitors  of 
FTase,  rapid  degradation  and  low  cellular  uptake  limit  their 
use  as  therapeutic  agents.  Over  the  last  8  years,  we  (20-22) 
and  others  (23-26)  have  designed  GAATpepfidoinimetics  that 
P^tly  inhibit  FTase  in  vitro  and  Ras  processing  in  vivo  but 
that  retain  several  peotidic  fiiature!i  Mor*  -•cen^^*' 
d^gned  non-peptide  CAAKmimetics  that  have 

futures  for  ftirther  development  as  anti-cancer  agents 
(27).  Although  these  non-peptide  mimics  and  GAAX’peptidomi- 
metics  inhibit  FTase  potently  (mi),  their  abUity  to  disrupt  Ras 
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processing  in  whole  cells  occurs  at  concentrations  (100  /tM)  that 
would  not  be  easily  achievable  in  in  vivo  settings.  Therefore, 
there  is  a  need  for  improved  FTase  inhibitors  with  more  potent 
activity  in  whole  cells  and  in  vivo. 

Ras  CAAit  peptidomimetics  have  been  shown  to  reverse  on¬ 
cogenic  H-Ras  transformation,  inhibit  the  growth  of  H-Ras- 
transformed,  but  not  normal  cells  in  culture,  and  slow  the 
growth  of  Ras  but  not  Raf-transformed  cells  in  nude  mice  (23, 
24,  28).  Recently,  FTase  inhibitors  have  also  been  shown  to 
inhibit  oncogenic  Ras  activation  of  MARK  in  H-Raa-trans- 
formed  cells  (29,  30).  Whether  FTase  inhibitors  also  inhibit 
oncogenic  K-Raa  signaling  is  not  yet  known.  This  is  an  import 
tant  question,  since  K-Ras  is  a  more  cfladent  substrate  for 
FTase,  rendering  it  more  difficult  to  block  by  FTase  inhibitors, 
and  since  K-Ras  mutations  are  most  prevalent  in  human  tu¬ 
mors  where  Ras  is  mutated.  Furthermore,  the  mechanism  by 
which  FTase  inhibitors  suppress  MAPK  activation  has  not 
been  investigated.  Spedficalty,  the  effects  of  FTase  inhibitors 
on  the  interactions  between  Ras  and  its  downstream  effectors 
such  as  Raf  have  not  been  studied.  The  present  work  describes 
the  design  of  a  highly  potent  (puAm)  Ras  CAAX  peptidomi- 
metic  which  antagonizes  both  H-  and  K-Ras  oncogenic  signal¬ 
ing,  ^e  tesulto  demoostrete  that  the  mechanism  by  which  this 

inhibitor  blo^  Ras-dependent  signaling  Involves  sequestering 
Raf  in  the  csrtoplasm  away  ftom  the  plasma  membrane  where  it 
would  be  activated. 

experimental  procedures 

Syntheiu  of  CAAX  Analogu€$-^Th»  paptidomlmetic  FTI-276  was 
•ynthadzed  as  foUowa:  2*bromo-4-xatrotohiene  was  coupled  with  phe- 
nylbonmic  add.  The  ooupled  product  was  oxidized  with  KMuOa  to 
2-phenyI-4-nitrobeniolc  add  whldi  was  coupled  with  L-methionina 
methyl  aster  Mowed  by  reduetioa  with  stannous  chloride.  The  result¬ 
ing  4>ainino-2-phenyIbenzoyl  methionine  method  ester  was  reacted  with 
Af-Boo^-trltylHTiteiiial  to  give  Af-BooiS-tiityl  methyl  ester  of  Fn-276. 
This  methyl  ester  was  hyiholyzed  hf  ZiOH  and  then  depretocted  by 
triflucroaoetic  acid.  The  pure  FTZ-276  was  obtained  throudi  ptepan- 
tive  HPIC.  The  peptidomimetic  FTI-277  was  made  from  the  f^-Boo^ 
trityl  methyl  ester  of  Fn-276  hy  first  treatment  with  mercurie  diloiide 

Mowed  by  hydrogen  sulfide  in  methanoL  The  final  pred^  Fn-277 
was  obtained  as  ita  lordrodilorlde  salt  Spectirecople  date  of  both  Fn- 

276  and  FTI-377  were  consistent  with  th^  assigned  structures.  HFLC 
analyils  showed  pahy  over  60J9h 
FnueondOaihml Activity  Ajuoyt  FTase  and  QOThse  I  activities 
from  60,000  X  g  supernatants  of  human  Buridtt  lymphoma  (Dsodi) 
cella  (ATCC,  Rodnrills,  MD)  were  ssssysd  sxiet^  ss  described  prevl- 
ouily  (27).  Inhibition  studies  were  performed  by  determining  the  sbility 

of  Ras  GdAX’peptidomii&etico  to  itthM  the  trsnsfiir  oiI*R]&xnesyi  end 

[*Hlgerenylgerenyl  from  [*Hl&niesyl  pyrephoephete  and 
nylgeranyl  pyrophocphate  to  H-Ras-CVLS  and  H-Raa-OVLL,  lespeo- 
tively  (27). 

Ras  and  RaplA  Processing  Assay^H-RuFt  H-Ras<30,  pZIPneo.  Raf 
S186  (31),  and  K-RaadB  cella  (17)  were  seeded  on  day  0  in  lOO-nmi 
dishes  in  Dolbeoooli  modified  Eagle’s  medium  supplemented  with  10% 
calf  serum  and  1%  penidllin/atreptomydn.  On  daya  1  and  2,  cella  were 
refed  with  medium  containing  varioua  concentrations  of  FTT-277  or 
vehicle  (10  mu  DTT  in  MeaSO).  On  diy  8,  cells  were  lysed  In  buffer 
containing  60  mM  Tria,  pH  7.6, 160  nai  NaCl,  1%  Nonidet  P-40. 0.6% 
deoiychoUto.  <U%BDS,  1  mu  EDTA,  1  sasEOTA,  25  bapcptin. 

^  2  miebfaaVQp  I  aagtalaojAean  trypatoinhiUtor,  and  6.4 

mgM  Sigma-1049  phoaphatete  subatrato.  lyntea  were  than  famwi- 
noblotted  ntlng  an  anti-Ras  antibody  (YlS-238,  ATCO)  or  an  anti^ 

BaplAazxtibo4y(SC>66,8antaCiiurBlatsdmology,.SanteCraz.  GA)  aa 

desaMp«riaaaly(230L  ™»,waa 

Co<nmwsopenipaatiemoW  Cslla  wiiareededoadayO 

in  lOfraaic  dii^  aBdaadbslswdficaOi  were  traated  with  FTI-377 
(19  im)  os-reUda  Ok  dqy  eeffls  ware  eollectod  and  peUete  were 
resuspendsd  in  icwodd  hgpoiottfc  bufihr  (10  mil  Tria,  pH  7.5;  6  mu 
MgOa,  1  mir  DTT.  1  mu  PMSF)  and  aonieated  to  break  up  the  osU 

pellet  The  cell  suspenaiott  was  then  eentiifhged  at 2,000  jpm  fbr  10  min 

to  clear  debris  after  which  the  snpernatent  was  spun  for  80  min  at 
100,000  X  g  to  separate  membrane  and  cytosol  fractions.  The  cytosol 
and  membrane  fradiona  were  then  lysed  as  described  previously  (32). 


Fn-277  Induces  Cytoplasmic  Ras-Raf  Complexes 


Equal  amounte  of  cytosol  and  membrane  fractiona  were  immunopre. 
t^tetod  using  60  ;il  of  a  25%  protein  A-Sepharosa  ChAB  auspenaion 
(Sigma)  with  1  Mm  anti-c-Raf-l  (SC133,  Santa  Cruz  BiotoclSo^ 
Sirote  (huz,  CA).  The  samples  were  washed  five  times  in  60  mu 

^  ®  X-lOO,  10% 

glycerol,  20  mu  NaF).  The  final  pellets  were  run  on  12JS%  SDS-PAQE, 
transferred  to  nitrocellulose,  and  immunoblotted  for  the  presenoe  of  Ras 
u^ janti-Ras  antibody  (¥13-238)  and  anti-Raf  antibody  (SC133,  Santa 
Cn«  Biotechnology,  Santa  Cruz,  CA).  Detection  was  the  same  as  above 
for  Raa  and  RaplA  prooeiaing. 

^teetien  ofQTP  and  GDP  Bound  to  Ras^B-RsO'  cells  were  seeded 
arid  treated  as  above  for  Ras/Raf  interaction  studies.  On  day  2,  however, 
o^were  labeled  overnight  with  [•Tlorthophoephate  aa  described 
P*”'*®**^  ^2).  On  day  3,  the  cytosol  and  membrane  fractions  were 
separated,  lysed,  and  equal  amounte  of  lysate  were  immunopzecipitetad 
usr^anti.RM  Mtibody  (¥13-269)  along  with  80  /d  of  protein  A-aganue 
utt-ret  IgO  complex  (Oncogene  Science).  Bound  nucleotide  was 

eluted  and  aeparited  ly  Tl/3  aa  deacribed  pnerieuily  (82X 

Ruuxas  Activity  Assqy— Raf-I  kinase  activity  waa  assayed  by 

determining  the  ability  of  Raf  to  tranafer  phosphate  ftum  £y-”P]ATP  to 

a  l^msr  peptide  containing  a  Raf  autophoephorylation  site. 
and^toed^ctlon  isolation  and  Raf  immunopredpitatton  ware  de- 
™«MOI»ec^pltetaa  were  waahed  with  kinaae  buflbr  (60 
pH  7.3, 160muKaC],12muMnCl^lmuDTT,0.2%Tween 
wh  Immune  complex  kinase  asssys  were  performed  by 
isununqpredpitetea  fiiom  membrane  and  cyt^  ftuetiooa  Jn  96  id  of 
kbm  buffer  with  20  ^Ci  of  tr-*%*JATP  (10  m(3M,  Ameraham  Carp.) 
and2MloftheRaf*l  substratopep^lVQi^FQRRASDDCKLTD  (1 
mgtoL  Fremaga,  Madison,  WI)  fbr  30  min  at  36  *C.  The  r^#>Tfc*TTia- 
tioa  rrectM  WM  terminated  by  spotting  a  eO-Ml  aliquot  onto 

ral  phoaphocallulose  filters.  The  filters  were  washed  in  OM  or* 
uophosphozie  add  and  aitMlried.  The  amount  of  Inootporatod  waa 

determined  lyhquMsdntilUtion  counting.  “«»ip«m»awas 

RSnass  Activity  Aswy-Cella  were  treated  with  Fn-277  and 

ly^  as  detoibed  above  for  Raa  and  RaplA  p^-oceaiing.  Equal  amounte 

rflyaato  were  separated  on  a  16%  SDS-PAGE,  tnniferred  to  nitrooal- 

falose,  arrf  immunoblotted  udng  an  anti-MAPK  antibody  (eik2,  inono- 

donah  Upstate  Biotechnology,  Ihc.,  Lake  Pladd.  NY).  Antibody  iwao- 
sou  were  visualized  using  perexidaaa-ooxdugkted  goat  anti-mouae  I|0 
and  enhanced  diemilnmineecanee  detection  (Ameraham). 

RESULTS  AND  DISCUSSION 

Recently,  we  (20-22,  27)  and  othen  (23-26)  have  dealgned 
Raa  CAAX  peptidomimetics  that  inhibit  FTase  potently  with 
concentrations  in  the  nil  range.  However,  these  agents  inhib¬ 
ited  Ras  processing  in  whole  cells  only  at  fiu  levels  (29, 80).  In 
order  to  investigate  the  mechanism  of  action  of  FTase  inhibi¬ 
tors,  we  sought  to  first  improve  the  potency  and  selectivity  of 
our  first  generation  of  CAAX  peptidomimetics.  Structure  actiw* 
ity  relationship  studies  with  CAAX  peptides  and  peptidomi- 
metics  predict  a  hydrophobic  region  in  the  active  site  of  FTase 
that  interacta  with  the  central  portion  of  the  CAAX  tetrapep- 
tide.  In  our  original  designs  (20-22),  we  have  replaced  the 
central  aliphatic  dipeptide  “VT  in  CVOI  by  aromatic  spacers  of 
the  aminobenzoic  add  familj^g.  lAyStructural  comparison 
of  CVIM  with  the  peptidomimeBc  FTI-249  (Fig.  lA)  suggests 
that  increased  binding  energy  could  be  gained  by  increasing 
the  size  and  hydrophobidty  of  the  aminobenzoic  add  spacer  to 
ftilly  occupy  the  FTase  substrate  binding  pocket.  In  the  present 
work,  we  have  designed  FTI-276  and  its  methyl  ester  Fn-277 
where  reduC'^d  cysteine  end  methionine  are  by 
2-phenyl-4-aminobMizole  add,  hence  increaiing  the  hydrophfr* 
bic  character  of  the  central  portion  of  the  peptidomimetic.  FTI- 
276  and  FTI-277  were  synthesized  as  described  under  "Expert 
Imental  Procedures."  Fig.  IH  shows  that  FTI-276 
FTase  with  an  IC50  of  600  pic,  whereas  Fn-249,  the  unsubati- 
tuted  precursor  to  Fn-278.  had  an  ICgo  of  200,000  pK  (27). 
Thus,  a  phenyl  ring  at  the  2  position  of  the  aminobenzoie  add 
spacer  increased  inhibition  potenqr  of  FTase  by  400-fold,  indi¬ 
cating  a  dgnifictot  role  for  the  hydrophobic  pocket  within  the 
CAAX  binding  site  of  FTase.  This  extremely  potent  inhibitor 
waa  also  highly  selective  (100-fold)  for  FTase  over  the  closely 
related  OGTase  I.  FTI-276  inhibited  GGTase  I  with  an  ICm  of 
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Ra.  1.  Ra«  CAAX  peptidondinetlos  and  FTaac/GCmuM  I  Inhi¬ 
bition.  A.  •tancturw  of  CVIM.  Fn.240,  Fn-278,  and  FTr-277.  S 
Mwyi  wtreeanied  outby  detenaining 
the  ability  of  Fn-276  to  inhibit  the  tranafer  of  fiinieeyl  and  gera- 
nylgeranyl  to  n«mibinantH.Raa.CVLS  and  H-Raa-CVLL  wapectitely 
The  daU  are  repneenUtiva  of  at  least  thiae  independent 

50  suf  (Fig.  IB).  Thia  lOO-fold  lelectivity  ia  aupcrior  to  our 
previously  reported  IS-fold  selectivity  of  the  parent  compound 
Fn-249  (27).  We  next  determined  the  ability  of  FTI-276  to 
inhibit  Raa  processing.  To  fadUtate  ceUular  uptake,  we  have 
used  the  corresponding  methyl  eater,  Fn-277  (Rg,  lA).  H- 
RaaF  cells  (NIH  8T3  cells  transformed  with  oncogenic  (61 
leucine)  H-Ras-CVLS  (81))  were  treated  with  FTr-277  (0-50 
/4M),  and  the  lysates  were  blotted  with  anti-Ras  or  anti-RanlA 
'  ^antibodies  as  described  under  “Experimental  Procedures.*® . 
^  shows  that  concentrations  as  low  as  10  nM  inhibited  hSs 
^ocessing  but  concentrations  as  high  as  10  /im  did  not  inhibit 
processing  of  the  geranylgeranylated  RaplA  (Fig.  2A).  Pn-277 
inhibited  Raa  processing  with  an  ICgo  of  100  xiM  (Fig.  2A), 
whereas  the  ICgo  of  FTI-249  was  100  ftM,  Furthermore,  the 
most  potent  CAAX  peptldomlmetics  previously  reported  inhib¬ 
ited  Raa  processing  in  whole  cells  at  concentrations  of  10  uii  or 
higher  (28-80).  The  selectivity  of  FTI-277  for  famesylation 
over  geranylgeranylation  processing  in  whole  cells  was  farther 
mvestigated  by  treating  H-RasGO  cells  (NIH  8T3  cells  trans¬ 
formed  with  oncogenic  Oeudne  61)  H-Ras-CVLL  (31))  with 
FTI-277.  Fig.  2B  shows  that  the  processing  of  H-RuClG  was 
not  affected,  whereas  that  of  H-RasF  was  completely  blocked. 
Furthennore,  the  processing  of  endogenous  Ras  was  also 
bloiAed  in  pZIPneecells  Omi  8T3  cells  transfected  with  empty 
vector>’and  Raf  cells  (NIH8TS  cells  transfected  with  a  trans- 
fenmnymutant  of  human  Raf-1  (Rafi2W)  (83)).  Thus,  Pn-277 
fa  8ikrDe8ylat£ain-^>edfic  inhibitor  which  blocks  the  processing 
of  both  oncogenic  and  normal 

In  order  to  determine  the  mechanism  by  which  FTI-277 
disrupts  Ras  oncogenic  signaling,  we  transfected  NIH  3T3  cells 
with  activated  (GTP-locked)  Ras  and  first  investigated  the 
effects  of  Fn-277  on  the  interaction  of  Ras  with  its  immediate 


n  pn-277  on  Ras  and  RaplA  processlns.  A 

were  treated  with  various  oonoestratioss  of  FTT-277* 
SSSif*  ‘*‘*iy»^^immuaohIotted  with  aati-Ras  eraatt-RaplA 
w  Older  *EsperiaentalP^  pZIpLo, 

Sirw  treated  with  vJSSw 

raw  (W  mm),  hrsed,  and  lysates  were  ismnmoblotted  byanUl^ 
antibody.  Data  are  representative  of  five  independent 

effector  c-Raf-1  (1-8,  32).  Various  NIH  8T8  cell  transfeetants 
(pZIRieo,  H-RasF,  E-RasGO)  were  treated  with  vehicle  or  FTJ- 
277*  membrane  and  tytosollc  fractions  were  isolated  and  im- 
munopredpitated  with  anti-Raf  antibody,  and  the  resulting 
^unopredpitates  were  blotted  with  antl-Ra^^tibody  as 
de^M  under  “Experimental  Procedures.iHgr?shows  that 
Raf  did  not  assodate  with  Ras  In  pZIPlieo  cellf^hich  do  not 
contain  GTP-locked  Ras.  In  contrast,  H-RasF  and  H-RasGO 
cells  contain  Ras-Raf  complexes  in  the  membrane  but  not  in  the 
cytosolic  fractions  of  untreated  cells  (Fig.  8).  Treatment  with 
Fn-277  resulted  in  the  accumulation  of  Ras-Raf  complexes  in 
&e  cytoplasmic  but  not  membrane  fractions  of  H-RasF  cells 
(F^.  8).  llie  lack  of  Ras-Raf  interacticm  at  the  cell  membrane 
and  accumulation  of  these  complexes  in  the  cytoplasm  occurred 
only  in  Ras-F  but  not  Ras-GG  cells  in  agreement  with  the  Ras 
processing  selectivity  results  of  Fig.  2.  Thus,  our  results  dem¬ 
onstrate  that  inhibition  with  FTI-277  resultein  the  accumula- 
tion  of  non-famesylated  cytosolic  Ras  that  la  capable  of  binding 
to  Raf.  The  fact  that  non-processed  Ras  can  assodate  with  Raf 
in  a  non-membranous,  cytoplasmic  environment  was 
by  transfecting  NIH  STS  cells  with  a  GTP-locked  Ras  that  lacks 
a  famesylation  site  (Ras  mutant  with  a  leudne  61  oncogenic 
mutation  and  ^  serine  186  mutation  (84))  and,  therefore,  re¬ 
mains  in  the  C3rtopla8m.  These  cells  were  shown  to  contain  only 
Q^lasmic  Ras-Raf  complexes  when  immunopredpitated  with 
M  and  blotted  with  anti-Raa  antibodies  (Fig.  3,  Bifid).  Thus, 
famesylation  is  not  required  for  Ras  to  bind  to  Raf.  Further¬ 
more,  the  fact  that  not-famesyiatad  Raa  binds  Raf  in  the 
cytoplasm  gives  support  to  an  earlier  suggestion  that  unpmo- 
eased  GTP-locked  Ras  is  a  dominant  negative  form  of  Ras  (86). 

Since  Raf  binds  Ras-GTP  with  much  higher  affinity  than 
Ras-GDP  (1-8),  we  determined  the  nudeotide  state  of  Ras  in 
tile  cytoplasmic  Ras-Raf  coniiidexes  as  described  under  “Expert 
Imental  Procedures.*/ Fig^4A /shows  that  in  H-RasF  cells  only 
membrane  fractions  TSon&ilKd  GTP-locked  Ras.  Upon  tiaat- 
ment  iwth  FTI-277,  however,  GTP-locked  H-Ras  was  found 
primarily  in  the  cytosol  (Fig.  4A),  Thus,  the  cytoplasmic  form  of 
H-Ras(61L)  is  still  GTP-bound  and  can,  therefore,  still  interact 
with  Raf.  We  next  determined  the  Ser/Thr  kinase  activity  of 
Raf  in  Ras/Raf  complexes  by  immunopredpltating  Raf  and 
&ssa3dng  for  its  ability  to  phosphorylate  a  19-mer  autophospho- 


Orig.  Op. 

1st  K53,  2ncl  I 


OPERATOR; 

Judy 


I 


jpp:  PE's:  AA's:  I  COMMENTS: 


ARTNO: 

381949 


/cj  sb2/(llsK(i/bc/bc/bc4195/bc0573 -95a 


FTI-277  Induces  Cytoplasmic  Ras-Raf  Complexes 


pZJFac*  R«sP  RuGG  StM 

rTW77 


pZlPM  RnK 

■M 


Membraat  Xu  I 


CftMol  Ru  I 


rrM77  t  0  It  M  IPOMt  I  i  10  90 


Fio,  3.  Effect!  of  Fn-277  on  Raa/Rxf  XMooUtion.  pZIPneo,  H- 
FUaF,  H-Ra«GO,  and  S186  cell#  were  treated  with  ▼chicle  or  Pn-277 
(10  iiU),  homogenized,  and  the  membrane  and  cytocolic  fractiona  wen 
separated  and  immunopndpitated  by  an  anti-Raf  antibody  aa  de> 
scribed  under  •Experimental  Proceduna.*  The  immnnopiedpitatea 
were  then  resolved  by  SDS-PAGE  and  immnnoblotted  with  anti*Raa 
antibody.  Data  are  repnsentatxve  of  three  independent  eiperimenta. 


in-277 


OarM  SaF  RaflO 


Tio.  4.  Effeeta  of  Fn-277  on  Raa  aneleotlde  blading  and  Raf 
kinase  activity.  A.  H-RasP  cells  wen  treated  with  vehids  or  in-277, 
lysed,  and  the  lysates  wen  Immnnopredpltated  with  antURas  anti¬ 
body.  OTP  and  GDP  wen  then  released  from  Ras  and  separated  by  TLC 
as  described  under  *Ezperimantal  Procedures.*  R,  pZIPneo  and  H-RaaF 
oelle  wen  treated  with  Tehide  or  Fn-377,  lysed,  and  call  iyeatae  wan 
immunopredpitatad  with  an  anti-Raf  antibody.  Raf  Jdnaaa  was  assayed 
as  described  under  *EzpaTimentalPnoednres.*  Data  an  representativa 

of  three  independent  experiments. 

tylated  peptide.  Fig.  4B  shows  that  oncogenic  H-RasF  induced 
activation  of  Raf  at  the  plasma  membrane  and  that  treatment 
with  FTI-277  suppressed, this  activation.  More  importantly,  the 
cytoplasmic  Ras^^  complexes  (Fig.  3)  had  basal  levels  of  Raf 
kinase  activity  that  were  comparable  with  those  of  the  parental 
NIH  3T3  cell  line  pZIPneo  (Rg.  4B).  Taken  together,  Figs.  3 
and  4  demonstrate  that  oncogenic  transformation  with  OTP- 
locked  H-Ras  results  in  the  constitutive  recruitment  of  Raf  to 
the  plasma  membrane  and  its  subsequent  activation.  Further¬ 
more,  FTase  inhibition  by  Fn-277  suppresses  this  activation 
by  inducing  the  accumulation  of  Ras-Raf  complexes  in  the 
cytoplasm  where  Ras  is  OTP-bound,  but  Raf  kinase  is  not 
activated.  The  fact  that  Raf  kinase  is  not  activated  when  bound 
to  Ras  in  a  non-membranous  environment  is  consistent  with 
recent  reports  that  indicate  that  Raf  activation  requires  an  as 
yet  unidentified  activating-factor  at  tire  plasma  membrane  (36). 

We  tiien  investigated  the  effects  ofFTI-277  on  oncogenic 
activation  of  MAPK,  a  Raf  downstream  signaling  event  (1-3). 
Oncogenic  activation  of  MAPK  can  be  easily  detected,  since  the 
phosphorylated  activated  MAPK  migrates  slower  in  SDS- 
PAOE  (29).  Fig.  5A  shows  that  NIH  3T3  cells  transfected  with 
pZIPneo  contain  only  inactive  MAPK  but  that  uponti^^ 
mation  with  oncogenic  H-Ras,  MAPK  is  activated  pig.  5A)] 


Flo.  6.  Effect  of  Fn-277  on  oncogenio  activation  of  MAPK.  A. 
H-RasF  cells  were  treated  with  various  oonoenfrations  of  Fn-277, 
lysed,  and  Iyeatae  run  on  SDS-PAOE  and  ixnmunoblotted  with  anti- 
MAPK  antibody  aa  desaibed  under  “Experimental  Procedures."  B,  p2- 
IPn^  H-RasF,  H-Raa(3G.  Raf,  and  8166  oella  were  treated  with  vdricle 
or  Fn-277  (10  /im),  lysed,  and  cells  lysates  processed  as  for  A.  Data  ax« 
representative  of  two  independent  experiments* 

Pretreatment  with  FTI-277  results  in  a  concentration-depend¬ 
ent  inhibition  of  the  constitutive  activation  of  MAPK  by  onco¬ 
genic  H-Ras.  (Concentrations  as  low  as  300  nM  wen  effective, 
and  the  inhibition  was  complete  at  1  fxiL  Taken  together,  Figs. 
^  and  5  demonstrate  that  at  least  60%  but  leas  than  100% 
/  inhibition  of  H-Ras  processing  is  required  for  inhibition  of 
MAPK  activation.  To  determine  whether  the  inhibition  of 
MAPK  activation  is  due  to  selectively  antagonizing  H-Ras  fiine- 
tion  we  have  used  a  series  of  NIH  3T3  cells  lines  transformed 
witii  various  oncogenes.  Fig.  6B  shows  that  Fn-277  was  able  to 
block  H-RasP  but  not  H-RasGO  activation  of  MAPK,  and  this  is 
consistent  with  iU  ability  to  inhibit  H-RasF  but  not  H-RasGO 
processing.  Selectivity  of  Fn-277  toward  inhibition  of  Ras-de- 
pendent  activation  of  MAPK  was  substantiated  by  using  NIH 
3T3  cells,  where  MAPK  Is  constitutively  activated  1^  transfor¬ 
mation  with  the  Raf  oncogene  (33).  Fig.  SB  shows  that  onco¬ 
genic  Raf  activation  of  MAPK  is  not  blocked  by  Fn-277,  even 
thou^  processing  of  endc^enoiu  Ras  was  inhibited  in  these 
cells  (Fig.  25),  Taken  together  these  results  deaify  demon¬ 
strate  that  Fn-277  ia  highly  effective  and  selectiva  in  disrupt¬ 
ing  constitutive  H-Ra8-spe<^c  activation  of  MAPK. 

Since  K-Raa4B,  the  predominant  form  of  Ras  mutated  in 
human  tumors,  is  a  much  more  efQdent  substrate  (GAAIT  >■ 
CVIM)  for  FTase  than  ia  H-Ras  (CAAX  -  CVLS)  (18),  its 
processing  has  been  difficult  to  disrupt.  To  determine  whether 
or  not  FTI-277  inhibits  K-Ras  processing,  we  have  treateki 
K-RaB4B  cells  (NIH  STS  cells  transformed  with  oncogenic.  (va», 
line  12)  K-Ra84B-CVIM  (17))  with  Fn-277  (0-30  MM^FIg.^ 
shows  that  Fn-277  inhibited  K-Ra84B  processing  with  aSW^ 
of  10  ;iM.  Thus,  inhibiting  K-Ras4B  processing  (Fig.  6)  requires 
100-fold  higher  concentration  than  that  needed  for  inhibition  of 
H-Ras  processing  (Fig.  2A).  This  lower  sensitivity  to  Fn-277 
could  be  because  K-Ras4B-CVIM  is  a  much  better  substrate 
than  H-Ras-CVLS  (13).  An  alternative  explanation  is  that 
K-Ras4B-CVIM  could  be  geranylgeranylated  (40),  especially 
when  cellular  FTase  is  inhibited.  The  fact  that  inhibition  of 
K-Ras4B  processing  occurs  only  at  concentrations  that  inhibit 
the  processing  oi  the  geranylgeranylated  RaplA  (Fig.  2A)  ie 
consistent  with  this  letter  possibility.  We  next  determined 
whether  the  inhibition  of  K-Ras  processing  results  in  disrup¬ 
tion  of  oncogenic  K-Ras4B  constitutive  activation  of  MAPK 
The  same  cell  lysates  that  were  blotted  with  anti-Ras  antibody 
(Fig.  6)  were  reblotted  with  anti-MAPK  antibody  as  described 
under  ^Experimental  Procedures.”  Fig.  6  shows  that  NIH  8T3 
cells  that  overexpress  oncogenic  K-Ras4B  (17)  contain  mainly 
hyperphosphoiylated  (activated)  MAPK  Treatment  of  these 
cells  with  FTI-277  (30  pM)  inhibited  oncogenic  K-Ras4B  consti¬ 
tutive  activation  of  MAPK  (Fig.  6).  Flirthennore,  consistent 
with  inhibition  of  Ras  processing  data  (Fig,  6),  higher  concen¬ 
trations  were  required  to  inhibit  MAPK  activation  by  K-Ras4B 
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